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ABSTRACT
This thesis studies the application of a substitutional solid solution (SSS) approach
to multivariate metal organic frameworks (MTV MOFs) with a focus on preparing
functional organic-inorganic materials. MOFs are a class of crystalline coordination
polymers that form 3-dimensional structures with pores. The empty space in the unit cell
of these materials allows for the incorporation of functionalized links and leads to a subclass known as MTV MOFs, where multiple links of varied functionality are incorporated
into the same material. MTV MOFs function similarly to the inorganic concept of SSS
were a solute atom is dissolved inside a matrix, allowing for a high degree of control
over the material’s properties, as it is done in materials for lasers and blue LEDs. The
application of an SSS approach to MTV MOFs was chosen to allow the preparation of
highly tunable solid-state materials, were the properties can be controlled via the
preparation and quantity of the organic link incorporated into the MTV MOF. To study
this approach, emission was utilized as a means to observe possible solution-like
properties in the solid state. The first topic of this work describes the preparation of
molecular links for a multifluorophore system. These links were then incorporated into a
MTV MOF, in the next chapter, where the emission was studied as a function of solidstate concentration. Next, a series of MOFs were prepared containing an aggregate
forming fluorescent dye, where the structure of the MOF was utilized to study
aggregation as a function of emission. The last chapter focuses on preliminary results
on strategies to prepare thin films of the previously prepared MTV MOFs. This thesis
demonstrates the ability to separate the structure of a material from its properties and
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observe tunable traits based solely on the concentration of the organic molecules
incorporated into the MTV MOF.

iv

ACKNOWLEDGMENTS

I would like to thank my PI Prof. Fernando Uribe-Romo for his influence and
guidance in my academic career. Over the past five years he has been a crucial factor
in the development of my skills and the path that I now follow. He was a guide in my
early career leading me to pursue chemistry, which was only a passion of mine at the
time, and has allowed me to flourish into the scientist that I am today. Over the years he
has instilled a hard work ethic as well as many tips and tricks when it comes to dealing
with: data, images, presentations, and other researchers. Without his guidance I would
not have ended up where I am today, with such a profound love for the hard sciences.
With the abilities and attributes that I have gained and nurtured under his guidance, I
look forward to the future chapters in my life and career and to what heights they will
take me. I would also like to thank my committee: Prof. James K. Harper, Prof. Andres
Campiglia, Prof. Titel Jurca, Prof. Laurene Tetard, and Prof. Kangsang Lee for being a
part of either my candidacy or doctoral presentation. Their inquiries and feedback along
the way have been helpful and lead to a better understanding of where my chemistry fits
in the world. My research at UCF would only have gotten so far without if it were not for
outside collaborations and access to instrumentation and ideas that would not have
been found inside UCF. Due to this, I would like to extend a special thanks to Prof.
Kenneth Hanson and Suliman Ayad (Florida State University) and Prof. Amanda Morris
and Dr. Arnab Chakraborty (Verginia Tech.) for their help in collecting data over the
years.

v

A sincere thanks is due to the colleagues that I have worked with over the years.
For starters, I must thank everyone who has worked in the Uribe-Romo research group
Since I joined in 2015. I have worked with a plethora of people in our research group
and specifically I must thank Dr. Demetrius Vazquez-Molina, Jacob Bryant, and David
Fairchild for listening to multiple iterations of my presentation, and in all honesty being
friends till the end. My thanks also extends outside the lab to Alex Burstine-Townley,
Thomas Shaw IV, Christopher Martin, Giovanna Pope, Richard Ly, and Katelyn Bobek
for their insight in and outside of the lab. I would also like to thank the undergraduates
that I have had the distinct pleasure of mentoring during my time at UCF; Kyle Langlois,
Stav Gare, Nazish Mirza, and Karena Edun. One final thanks is need for Dr. David
Richardson for his electronics aid, he was always willing to help by soldering or
donating computer parts, as half of chapter 5 would not be possible without him.
The most important thanks goes out to my family. Brittaney was there from the
beginning to offer the love and support needed to not only choose which school to
attend, but also to keep strong and finish through to the end of the program. She was
one of the most important people on this journey and I am thankful for every second I
can spend with her. I also need to thank my parents, Leon & Wendy and Kevin &
Debbie, for their support, encouragement, and constant willingness to listen to me talk
about my research. I would like to thank all five of them for all they have done these last
five years. Of course this list would not be complete without a mention of my brother,
Alex, and brother-in-law, Joey, for also being a part of this journey and always bringing
a smile to the table. Lastly, I want to thank the National Science Foundation, award
number CHE-1665257 and CHE-1455159 for providing funding.

vi

TABLE OF CONTENTS
LIST OF FIGURES ........................................................................................................ xi
LIST OF TABLES....................................................................................................... xxix
CHAPTER 1. MULTIVARIATE METAL-ORGANIC FRMAEWORKS AND THEIR USE
AS A PLATFORM FOR EMISSIVE MATERIALS ........................................................... 1
Design Rules for MTV MOF based SSS ................................................................... 10
References ............................................................................................................... 16
CHAPTER

2.

SYNTHESIS

AND

CHARACTERIZATION

OF

ORGANIC

FLUOROPHORE LINKS FOR SOLID-STATE LIGHT EMISSION ................................ 22
Introduction .............................................................................................................. 22
Experimental ............................................................................................................ 28
Results and Discussion ............................................................................................ 56
References ............................................................................................................... 63
CHAPTER 3. SOLID STATE MULTICOLOR EMISSION IN SUBSTITUTIONAL SOLID
SOLUTIONS OF METAL-ORGANIC FRAMEWORKS ................................................. 66
Introduction .............................................................................................................. 66
Experimental ............................................................................................................ 67
Results and Discussion ............................................................................................ 73
References ............................................................................................................... 85

vii

CHAPTER

4.

J-DIMER

EMISSION

IN

INTERWOVEN

METAL-ORGANIC

FRAMEWORKS ........................................................................................................... 88
Introduction .............................................................................................................. 88
Experimental ............................................................................................................ 92
Results and Discussion .......................................................................................... 102
Synthesis and Crystallography ............................................................................ 102
Photophysical Properties .................................................................................... 104
References ............................................................................................................. 111
CHAPTER 5. PREPARATION AND PROPERTIES OF MOF THIN FILMS OVER
VARIED SUBSTRATES ............................................................................................. 115
Introduction ............................................................................................................ 115
Experimental .......................................................................................................... 118
Results and Discussion .......................................................................................... 121
References ............................................................................................................. 130
CHAPTER 6. CONCLUSION & OUTLOOK ............................................................... 133
References ............................................................................................................. 137
APPENDIX A: CHAPTERS 2 AND 3 .......................................................................... 138
Section S1. Single Crystal X-ray Diffraction ............................................................ 139
Section S2. Photophysics ....................................................................................... 142
Solid State Measurements .................................................................................. 155
viii

Section S3. Powder X-ray Diffraction...................................................................... 169
Section S4. Solid Solution Composition Determination ........................................... 186
Method................................................................................................................ 186
Input vs. Output Data .......................................................................................... 186
NMR Spectra ...................................................................................................... 188
Section S5. Optical Images .................................................................................... 199
Section S6. Scanning Electron Microscopy ............................................................ 204
Section S7. Gas Adsorption ................................................................................... 207
Section S8. Thermogravimetric Analysis ................................................................ 221
Section S9. NMR Spectra ....................................................................................... 222
APPENDIX B: CHAPTER 4 ....................................................................................... 242
Section S1. MOF Synthetic Conditions ................................................................... 243
Section S2: Powder X-ray Diffraction...................................................................... 245
Section S3: Input/Output Composition .................................................................... 247
Section S4: Photophysical Data ............................................................................. 254
Section S5: Lifetime Measurements ....................................................................... 264
Section S6: SEM images ........................................................................................ 271
Section S7: NMR data ............................................................................................ 275
APPENDIX C: CHAPTER 5 ....................................................................................... 279

ix

Section S1. Powder X-ray Diffraction...................................................................... 280
Section S2. Photophysical Data ............................................................................. 281
Section S3. Scanning Electron Microscopy ............................................................ 282
Section S4. Film Thickness .................................................................................... 288

x

LIST OF FIGURES

Figure 1. Representation of the complexities of functional organic materials. (Top) Via
organic synthesis functional organic molecules can be tethered to a structural
component and retain their molecular properties. (Middle) The organic molecule can be
dissolved in a solvent and retain its properties under dilute conditions, but upon removal
of the solvent the molecule aggregates and properties are lost. (Bottom) Utilizing a
matrix which prevents intermolecular interactions the organic molecule can be
incorporated, into the solid state, at varied concentration while preventing undesirable
effects observed when the solvent is removed in the liquid phase. ................................ 2
Figure 2. a) Depiction of a metal-organic framework (MOF) structure (UiO-66) where
metal oxide clusters (blue polyhedra) are connected in an extended framework by
organic links (benzene dicarboxylic acid). The robust nature MOFs is depicted below
UiO-66 where the organic link is replaced with a tetra-carboxylic acid molecule, resulting
in a unique structure (NU1000). b) The isoreticular nature of MOFs is depicted by
proposing an expanded framework, where the single phenyl ring in UiO-66 is replaced
by four phenyl rings. This expansion of the framework would ideally result in the
structure on the right, but an interwoven structure (bottom, where two MOF nets are
mechanically interlocked) is more energetically favorable. ............................................. 5
Figure 3. a) Depiction of an inorganic based substitutional solid solution (SSS), were
solute A is essentially dissolved in the average unit cell of matrix B. b) A representation

xi

of the SSS approach to MTV MOFs presented in this thesis. Using this approach we
have studied both multicolor emission and controlled dimer emission in the solid state. 7
Figure 4. a) Scheme of inorganic-based substitutional solid solution b) Scheme of
organic-based substitutional solid solution formation in MOFs. .................................... 24
Figure 5. a) Organic links used in this study. b) Excited state proton transfer (ESPT)
enol and keto tautomers............................................................................................... 25
Figure 6. Synthetic scheme of NF link, starting from p-xylene with yields indicated
inside boxes. ................................................................................................................ 29
Figure 7. Synthetic scheme of B link, starting from 9,10-phenanthraquinone with yields
indicated inside boxes. This scheme is a divergent scheme from the synthesis of G and
R. ................................................................................................................................. 35
Figure 8. Synthetic scheme of R link, starting from 9,10-phenanthraquinone with yields
indicated inside boxes. This scheme is a divergent scheme from the synthesis of G and
B. ................................................................................................................................. 42
Figure 9. Synthetic scheme of G link, starting from 9,10-phenanthraquinone with yields
indicated inside boxes. This scheme is a divergent scheme from the synthesis of R and
B. ................................................................................................................................. 51
Figure 10. a) Emission of the red, green, and blue fluorophore esters in a toluene
solution observing both enol and keto emission. b) Emission of the red, green, and blue
fluorophore esters in an ethanol solution observing mainly enol emission due to the
proton transfer being inhibited by the solvent. .............................................................. 60

xii

Figure 11. a) Powder X-ray diffraction (PXRD) patterns of NF and RGB-containing
MOFs, indicating their isoreticular nature. b) Substitutional input-output plot for 3 sets of
single fluorophore MOFs with x in mol%. ..................................................................... 74
Figure 12. a) Overlay of toluene-solvated fluorophore esters (compounds S7, S13, and
S16, dashed lines) and x = 10 mol% input single fluorophore MOFs (solid lines). b) CIE
chromaticity coordinates of prepared x = 10 mol% MOFs (open circles) and solvated
ester links (closed circles), and optical image of MOF powders and solvated links under
UV light. c-e) Emission profiles of B, G, and R MOFs, respectively at varied dilution (0.1
≤ x ≤ 10 mol%) indicating their excited-state lifetimes and quantum yields (λex = 365
nm). ............................................................................................................................. 76
Figure 13. a-c) Emission profiles of B, G, and R MOFs, respectively at varied dilution
(0.1 ≤ x ≤ 10 mol%) indicating their excited-state lifetimes and quantum yields (λex = 365
nm). ............................................................................................................................. 77
Figure 14. Two component SSS MOFs: (Top) Optical images of samples under λ ex =
365 nm indicating their fluorophore composition, (middle) emission profiles with λ ex =
365 nm, and (bottom) CIE chromaticity coordinates of mixtures of R and B (left), and
mixtures of G and B (right). .......................................................................................... 80
Figure 15. Three component SSS MOFs: (Top) Optical images of samples under λex =
365 nm indicating their fluorophore composition, (bottom left) emission profiles with λ ex
= 365 nm, and (bottom right) CIE chromaticity coordinates of each sample. ................ 82
Figure 16. a) The assembly of interwoven MTV MOFs that contain a mix of structural
and aggregate-forming links, results in the apperance of fluorophore monomers (green)

xiii

and π-π stacked dimers (orange). b) Fluorophore dimers highlighted in the crystal
structure of NNU-28 (top) and in a simplified view (bottom). c) Simplified Jablonski
diagram showing the energy split from the monomer to the dimer states the two new
high energy states represent excited states that can only be accessed with a given
dimer geometry, labeled as H and J states, for transitions which are allowed for an Hand J-dimer respectively. ............................................................................................. 89
Figure 17. a) General synthesis of An containing MTV MOFs. b) PXRD patterns for the
prepared MOFs with varied An concentration, indicating the observed phases. c)
input/output plot for the prepared MOFs..................................................................... 103
Figure 18. a) DR-UV-Vis spectra of An containing MOFs indicating the appearance of
both H- and J-dimer bands with an increase in An concentration. b) Solid-state emission
spectra of An MOFs (λex = 415 nm) as the fluorophore concentration increases from 1
to 100 mol%, with an optical photograph of MOF powders under UV irradiation (inset,
λex = 365 nm) c) Spectral shift of An MOFs at varied An content (orange symbols),
compared to a model (green line) derived from the dimerization equilibrium reaction
(inset)......................................................................................................................... 105
Figure 19. Measured quantum yields and lifetimes (inset) of triplicate samples at given
An input concentrations of An MOFs (dotted line used as a visual guide). ................ 109
Figure 20. a) Scheme of a MOF-based device fabrication, (left) where the bulk powder
is prepared and studied for desirable properties, then the material is incorporated onto a
substrate via either an epitaxial method (middle, top) or a polycrystalline method
(middle, bottom), (right) leading to the study of the device and any possible changes in
the properties with respect to the structure. b) XRD of MOF films@FTO with the 1 mol%
xiv

WLE (Red, Green, and Blue) films on the left and the dimer films on the right, indicating
the isoreticular nature of the MOFs. It should be noted, as was the case in the bulk
powders, the 100% An film crystalizes in the rhombohedral phase. The * indicates
peaks related to the FTO substrate. ........................................................................... 116
Figure 21. Diagram of built spin coating device. A repurposed computer fan was utilized
as the spinning platform and was powered by a Dr. Meter DC power supply (PS305DM). Coating was completed at variable speed, determined by the power supply.
.................................................................................................................................. 120
Figure 22. a) Normalized and overlaid emission spectra of 1 mol% fluorophore systems
(WLE) as a bulk powder (dashed lines) and a thin film over FTO (solid lines). The
largest differences can be seen in the G and R systems where more keto emission is
lost and the apparent Stokes shift is increased. b) Normalized and overlaid emission
spectra of different loadings of An in Xy (bottom, as a bulk powder) or MeO (top, as a
film over FTO). The lambda max of emission is nearly identical in all cases the only
notable difference is in peak shape, which could be instrumental or due to the proximity
to the FTO.................................................................................................................. 123
Figure 23. a) SEM images in macro and micro scales of WLE@PE (left) and dimer@PS
(right), indicating the difference in surface texture between the two methods. b)
Emission spectra of the 1 mol% WLE@PE films (left) and overlay of the bulk powders
with the same fluorophore concentrations in film form (right). c) stacked image of
emission profiles of dimer bulk powders (bottom) and dimer@PS films (top). ............ 128
Figure 24. Representation of possible target linkers for further investigation into SSS
properties of MTV-MOFs, where a) represents a dipolar molecular to observe
xv

capacitance in MOFs, b) the dibenzofuran core undergoes turn-on phosphorescence
when incorporated into a condensed state, and c) the pentacene molecule can undergo
singlet fission when in close proximity with another pentacene molecule. .................. 135
Figure 25 Crystal Model of NF MOF viewed along the 001 direction. Unit cell is
indicated, black spheres are carbon, red spheres are oxygen, blue polyhedra represent
zirconium, and the light and dark blue polyhedra represent zirconium clusters in each of
the two interwoven frameworks, respectively. Methyl carbon and hydrogen are not
shown for clarity. ........................................................................................................ 141
Figure 26 UV-Vis absorption (solid lines) and emission (dashed lines, λex = 360 nm)
spectra of 10%-B, 10%-G, and 10%-R (25 oC). ......................................................... 142
Figure 27 a) Absolute absorbance spectrum and b) emission spectra for neat solids of
Blue, Red, and Green acids (25 oC). .......................................................................... 143
Figure 28 a) CIE coordinate diagram showing excitation wavelength independent
chromaticity of Zr6O4(OH)4[(R0.5B0.5)0.01NF0.99]6 MOF b) CIE dependence with varied
input x for single fluorophore MOFs (λex from 340-400 nm @ 10 nm step). ............... 144
Figure 29 Excitation-emission maps of (a) R and B, (b) G and B, and (c) RGB MOFs
demonstrating excitation independence. .................................................................... 145
Figure 30 2-D Fluorescence spectrum of Zr6O4(OH)4[(R0.2G0.6B0.2)0.10NF0.90]6 MOF (25
o

C). ............................................................................................................................ 146

Figure 31 2-D Fluorescence spectrum of Zr6O4(OH)4[(R0.3G0.3B0.3)0.10NF0.90]6 MOF (25
o

C). ............................................................................................................................ 147

xvi

Figure 32 2-D Fluorescence spectrum of Zr6O4(OH)4[(R0.4G0.2B0.4)0.10NF0.90]6 MOF (25
o

C). ............................................................................................................................ 148

Figure 33 CIE coordinates of a) 1%-G MOF b) Zr6O4(OH)4[(R0.1G0.9)0.01NF0.99]6 MOF, c)
Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6 MOF, d) Zr6O4(OH)4[(R0.9G0.1)0.01NF0.99]6 MOF and e)
1%-R MOF Ex = 365 nm (25 oC). ............................................................................... 149
Figure 34 Absorbance spectrum of S7 (B ester form), S13 (G ester form), and S16 (R
Ester form)in toluene (25 oC)...................................................................................... 150
Figure 35 Fluorescence spectrum of S7 (B ester form), S13 (G ester form), and S16 (R
Ester form) in toluene (25 oC)..................................................................................... 151
Figure 36 Absorbance spectrum of S7 (B ester form), S13 (G ester form), and S16 (R
Ester form)in EtOH (25 oC). ....................................................................................... 153
Figure 37 Fluorescence spectrum of S7 (B ester form), S13 (G ester form), and S16 (R
Ester form) in EtOH (25 oC) evidencing significant loss of keto emission in a protic
solvent. ...................................................................................................................... 154
Figure 38 Absolute absorbance spectrum of NF MOF (25 oC). .................................. 155
Figure 39 Absolute absorbance spectrum of 10%-B MOF (25 oC). ............................ 156
Figure 40 Absolute absorbance spectrum of 10%-G MOF (25 oC). ............................ 156
Figure 41 Absolute absorbance spectrum of 10%-R MOF (25 oC). ............................ 157
Figure 42 Fluorescence spectrum of NF MOF Ex = 340 nm (25 oC). ......................... 157
Figure 43 Fluorescence spectrum of 10%-B MOF, 1%-B MOF, and 0.1%-B MOF Ex =
360 nm (25 oC)........................................................................................................... 158
xvii

Figure 44 Fluorescence spectrum of 10%-G MOF, 1.0%-G MOF, and 0.10% MOF Ex =
360 nm (25 oC)........................................................................................................... 159
Figure 45 Fluorescence spectrum of 10%-R MOF, 1.0%-R MOF, and 0.1%-R MOF Ex =
360 nm (25 oC)........................................................................................................... 160
Figure

46

Fluorescence

Zr6O4(OH)4[B0.075R0.025NF0.90]6

spectrum

of

MOF

Zr6O4(OH)4[B0.09R0.01NF0.90]6
Zr6O4(OH)4[B0.05R0.05NF0.90]6

MOF,
MOF,

Zr6O4(OH)4[B0.025R0.075NF0.90]6 MOF Ex = 360 nm (25 oC). ........................................ 161
Figure 47 Fluorescence spectrum of 1%-B, Zr6O4(OH)4[(G0.1B0.9)0.01NF0.99]6 MOF,
Zr6O4(OH)4[(G0.5B0.5)0.01NF0.99]6MOF, Zr6O4(OH)4[(G0.9B0.1)0.01NF0.99]6 MOF Ex = 360
nm (25 oC). ................................................................................................................ 162
Figure 48 Fluorescence spectrum of 1%-B, Zr6O4(OH)4[(R0.1B0.9)0.01NF0.99]6 MOF,
Zr6O4(OH)4[(R0.5B0.5)0.01NF0.99]6 MOF, Zr6O4(OH)4[(R0.9B0.1)0.01NF0.99]6 MOF Ex = 360
nm (25 oC). ................................................................................................................ 163
Figure 49 Fluorescence spectrum of 1%G, Zr6O4(OH)4[(R0.2G0.6B0.2)0.01NF0.99]6 MOF,
Zr6O4(OH)4[(R0.3G0.3B0.3)0.01NF0.99]6 MOF, Zr6O4(OH)4[(R0.4G0.2B0.4)0.01NF0.99]6 MOF,
and Zr6O4(OH)4[(R0.5B0.5)0.01NF0.99]6 MOF Ex = 360 nm (25 oC). ............................... 164
Figure

50

Fluorescence

spectrum

of

Zr6O4(OH)4[(R0.1G0.9)0.01NF0.99]6

MOF,

Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6 MOF, Zr6O4(OH)4[(R0.9G0.1)0.01NF0.99]6 MOF Ex = 365
nm (25 oC). ................................................................................................................ 165
Figure 51 Fluorescence spectrum of 10%-B, physical mix of organic links Ex = 360 nm
(25 oC). ...................................................................................................................... 166
Figure 52 NF MOF as synthesized (25 oC)................................................................. 169
xviii

Figure 53 B0.1NF0.90 MOF (25 oC) .............................................................................. 170
Figure 54 R0.1NF0.90 MOF (25 oC) .............................................................................. 170
Figure 55 (B0.9R0.1)0.10NF0.90 MOF (25 oC) .................................................................. 171
Figure 56 (B0.75R0.25)0.10NF0.90 MOF (25 oC) ............................................................... 171
Figure 57 (B0.5R0.5)0.10NF0.90 MOF (25 oC) .................................................................. 172
Figure 58 (B0.25R0.75)0.10NF0.90 MOF (25 oC) ............................................................... 172
Figure 59 G0.1NF0.90 MOF (25 oC) .............................................................................. 173
Figure 60 (B0.9G0.1)0.10NF0.90 MOF (25 oC) ................................................................. 173
Figure 61 (B0.5G0.5)0.10NF0.90 MOF (25 oC) ................................................................. 174
Figure 62 (B0.2G0.6R0.2)0.10NF0.90 MOF (25 oC) ............................................................ 174
Figure 63 (B0.3G0.3R0.3)0.10NF0.90 MOF (25 oC) ............................................................ 175
Figure 64 (B0.4G0.2R0.4)0.10NF0.90 MOF (25 oC) ............................................................ 175
Figure 65 B0.01NF0.99 MOF (25 oC) ............................................................................. 176
Figure 66 B0.001NF0.999 MOF (25 oC)........................................................................... 176
Figure 67 G0.01NF0.99 MOF (25 oC) ............................................................................. 177
Figure 68 G0.001NF0.999 MOF (25 oC) .......................................................................... 177
Figure 69 R0.01NF0.99 MOF (25 oC) ............................................................................. 178
Figure 70 R0.001NF0.999 MOF (25 oC)........................................................................... 178
Figure 71 (B0.9R0.1)0.01NF0.99 MOF (25 oC) .................................................................. 179

xix

Figure 72 (B0.5R0.5)0.01NF0.99 MOF (25 oC) .................................................................. 179
Figure 73 (B0.1R0.9)0.01NF0.99 MOF (25 oC) .................................................................. 180
Figure 74 (B0.9G0.1)0.01NF0.99 MOF (25 oC) ................................................................. 180
Figure 75 (B0.5G0.5)0.01NF0.99 MOF (25 oC) ................................................................. 181
Figure 76 (B0.1G0.9)0.01NF0.99 MOF (25 oC) ................................................................. 181
Figure 77 (B0.2G0.4R0.2)0.01NF0.99 MOF (25 oC) ............................................................ 182
Figure 78 (B0.3G0.3R0.3)0.01NF0.99MOF (25 oC) ............................................................. 182
Figure 79 (B0.4G0.2R0.4)0.01NF0.99 MOF (25 oC) ............................................................ 183
Figure 80 B0.10NF0.90 MOF as synthesized and after exposure to water vapor ........... 183
Figure 81 B0.10NF0.90 MOF as synthesized and after suspension in water for 5 days. . 184
Figure 82 MOF sample after being exposed to normal lab conditions for 10 months . 185
Figure 83 Decomposition NMR of B0.10NF0.90 MOF .................................................... 188
Figure 84 Decomposition NMR of G0.10NF0.90 MOF .................................................... 189
Figure 85 Decomposition NMR of R0.10NF0.90 MOF .................................................... 190
Figure 86 Decomposition NMR of B0.09R0.01NF0.90 MOF ............................................. 191
Figure 87 Decomposition NMR of B0.075R0.025NF0.90 MOF .......................................... 192
Figure 88 Decomposition NMR of B0.05R0.05NF0.90 MOF ............................................. 193
Figure 89 Decomposition NMR of B0.025R0.075NF0.90 MOF .......................................... 194
Figure 90 Decomposition NMR of B0.04G0.02R0.04NF0.90 MOF ..................................... 195

xx

Figure 91 Decomposition NMR of B0.033G0.033R0.033NF0.90 MOF.................................. 196
Figure 92 Decomposition NMR of B0.02G0.06R0.02NF0.90 MOF ..................................... 197
Figure 93 Decomposition NMR of B0.01NF0.99 MOF .................................................... 198
Figure 94 Optical image of MOF Powders under 365 nm irradiation. A) 10%-B B)
Zr6O4(OH)4[(R0.1B0.9)0.10NF0.90]6

C)

Zr6O4(OH)4[(R0.25B0.75)0.10NF0.90]6

D)

Zr6O4(OH)4[(R0.5B0.5)0.10NF0.90]6 E) Zr6O4(OH)4[(R0.75B0.25)0.10NF0.90]6 F) 10%-R ...... 199
Figure 95 Optical image of MOF Powders under 365 nm irradiation. A) 10%-G B)
Zr6O4(OH)4[(R0.2G0.6B0.2)0.10NF0.90]6

C)

Zr6O4(OH)4[(R0.3G0.3B0.3)0.10NF0.90]6

D)

Zr6O4(OH)4[(R0.4G0.2B0.4)0.10NF0.90]6 ........................................................................... 200
Figure 96 Optical

image of

Zr6O4(OH)4[(R0.1G0.1)0.01NF0.99]6

MOF

Powders under 365 nm
B)

irradiation.

A)

Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6C)

Zr6O4(OH)4[(R0.9G0.1)0.01NF0.99]6 ................................................................................. 201
Figure 97 Optical image of MOF Powders under 365 nm irradiation. A) 10%-B B) 1.0%B C) 0.1%-B D) 0.01%-B ........................................................................................... 202
Figure 98 Optical image of MOF Powders under 365 nm irradiation. A) Physical Mix of
B and NF linkers in a 1:9 ratio B) 10%-B C) Physical Mix of G and NF linkers in a 1:9
ratio D) 10%-G E) Physical Mix of R and NF linkers in a 1:9 ratio F) 10%-R .............. 203
Figure 99 SEM of Zr6O4(OH)4NF6 MOF Powder ........................................................ 204
Figure 100 SEM of Zr6O4(OH)4[B0.10NF0.90]6 MOF Powder ......................................... 205
Figure 101 SEM of Zr6O4(OH)4[(B0.4G0.2R0.4)0.1NF0.90]6 MOF Powder ......................... 206

xxi

Figure 102 N2 adsorption isotherm of Zr6O4(OH)4[NF]6 MOF at 77 K. Filled circles
represent adsorption and open circles represent desorption. ..................................... 208
Figure 103 N2 adsorption Rouquerol plot of Zr6O4(OH)4[NF]6 MOF at 77 K. ............... 209
Figure 104 N2 adsorption BET plot of Zr6O4(OH)4[NF]6 MOF at 77 K. ........................ 210
Figure 105 N2 adsorption isotherm of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K. Filled
circles represent adsorption and open circles represent desorption. .......................... 211
Figure 106 N2 adsorption Rouquerol plot of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K. .. 212
Figure 107 N2 adsorption BET plot of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K. ............. 213
Figure 108 H2O vapor adsorption isotherm of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 303 K.
Filled circles represent adsorption and open circles represent desorption.................. 214
Figure 109 N2 adsorption isotherm of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K after
exposure to H2O vapor. Filled circles represent adsorption and open circles represent
desorption. ................................................................................................................. 215
Figure 110 N2 adsorption Rouquerol plot of Zr6O4(OH)4[B0.10NF0.90]6 MOF after exposure
to H2O vapor at 77 K. ................................................................................................. 216
Figure 111 N2 adsorption BET plot of Zr6O4(OH)4[B0.10NF0.90]6 at 77 K. ...................... 217
Figure 112 N2 adsorption isotherm of Zr6O4(OH)4[B0.04G0.2O0.04NF0.90]6 MOF at 77 K
after exposure to H2O vapor. Filled circles represent adsorption and open circles
represent desorption. ................................................................................................. 218
Figure 113 N2 adsorption Rouquerol plot of Zr6O4(OH)4[B0.04G0.2O0.04NF0.90]6 MOF after
exposure to H2O vapor at 77 K. ................................................................................. 219
xxii

Figure 114 N2 adsorption BET plot of Zr6O4(OH)4[B0.04G0.2O0.04NF0.90]6 at 77 K. ........ 220
Figure 115 TGA of Zr6O4(OH)4[NF]6 and Zr6O4(OH)4[B0.10NF0.90]6.............................. 221
Figure 116 S1 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 222
Figure 117 S1 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 222
Figure 118 S2 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 223
Figure 119 S2 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 223
Figure 120 S3 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 224
Figure 121 S3 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 224
Figure 122 NF linker 1HNMR (400 MHz, DMSO-d6, 20 oC) ....................................... 225
Figure 123 NF linker 13CNMR (101 MHz, DMSO-d6, 20 oC) ...................................... 225
Figure 124 S4 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 226
Figure 125 S4 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 226
Figure 126 S5 1HNMR (400 MHz, DMSO-d6, 20 oC) .................................................. 227
Figure 127 S5 13CNMR (101 MHz, DMSO-d6, 20 oC) ................................................. 227
Figure 128 S6 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 228
Figure 129 S6 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 228
Figure 130 S7 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 229
Figure 131 S7 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 229
Figure 132 B linker 1HNMR (400 MHz, DMSO-d6, 20 oC).......................................... 230

xxiii

Figure 133 B linker 13CNMR (101 MHz, DMSO-d6, 20 oC) ........................................ 230
Figure 134 S8 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 231
Figure 135 S8 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 231
Figure 136 S9 1HNMR (400 MHz, CDCl3, 20 oC) ....................................................... 232
Figure 137 S9 13CNMR (101 MHz, CDCl3, 20 oC) ...................................................... 232
Figure 138 S10 1HNMR (400 MHz, CDCl3, 20 oC) ..................................................... 233
Figure 139 S10 13CNMR (101 MHz, CDCl3, 20 oC) .................................................... 233
Figure 140 S11 1HNMR (400 MHz, CDCl3, 20 oC) ..................................................... 234
Figure 141 S11 13CNMR (101 MHz, CDCl3, 20 oC) .................................................... 234
Figure 142 S12 1HNMR (400 MHz, CDCl3, 20 oC) ..................................................... 235
Figure 143 S12 13CNMR (101 MHz, CDCl3, 20 oC) .................................................... 235
Figure 144 S13 1HNMR (400 MHz, CDCl3, 20 oC) ..................................................... 236
Figure 145 S13 13CNMR (101 MHz, CDCl3, 20 oC) .................................................... 236
Figure 146 R linker 1HNMR (400 MHz, DMSO-d6, 20 oC).......................................... 237
Figure 147 R linker 13CNMR (101 MHz, DMSO-d6, 20 oC) ........................................ 237
Figure 148 S14 1HNMR (400 MHz, CDCl3, 20 oC) ..................................................... 238
Figure 149 S14 13CNMR (101 MHz, CDCl, 20 oC) ..................................................... 238
Figure 150 S15 1HNMR (400 MHz, CDCl3, 20 oC) ..................................................... 239
Figure 151 S15 13CNMR (101 MHz, CDCl, 20 oC) ..................................................... 239

xxiv

Figure 152 S16 1HNMR (400 MHz, DMSO-d6, 20 oC) ................................................ 240
Figure 153 S16 13CNMR (101 MHz, CDCl, 20 oC) ..................................................... 240
Figure 154 G linker 1HNMR (400 MHz, CDCl3, 20 oC) ............................................... 241
Figure 155 G Linker 13CNMR (101 MHz, CDCl3, 45 oC) ............................................ 241
Figure 156 Powder X-ray diffraction patterns of prepared MOFs (x mol% An) ........... 245
Figure 157 Change in linker overlap from the Fd3m (Xy, top) to R3m (An, bottom)
space group. .............................................................................................................. 246
Figure 158 Calibration plot of An PEPEP fluorescence in DMF ................................. 248
Figure 159 Input vs. output in mol% for cubic An MOFs ............................................ 253
Figure 160 Input vs. output in mol% for rhombohedral An MOFs ............................... 253
Figure 161 Fluorescence spectra, emphasizing differences between MOFs crystalized
without o-DCB (left) and with 10% v/v o-DCB (Right) ................................................. 254
Figure 162 Excitation/emission profiles of S1 10 µM in DCE 298 K ........................... 255
Figure 163 Excitation/emission profiles of S1 25 µM in DCE 298 K ........................... 255
Figure 164 Excitation/emission profiles of S1 50 µM in DCE 298 K ........................... 256
Figure 165 Excitation/emission profiles of S1 85 µM in DCE 298 K ........................... 256
Figure 166 Excitation/emission profiles of S1 100 µM in DCE 298 K.......................... 257
Figure 167 Excitation/emission profiles of S1 300 µM in DCE 298 K.......................... 257
Figure 168 Normalized emission profiles of S1 in DCE 298 K, top normalized to peak at
480 nm, bottom normalized to peak at 520 nm. ......................................................... 258
xxv

Figure 169 Excitation/emission profiles of S1 10 µM in DCE 77 K ............................. 259
Figure 170 Excitation/emission profiles of S1 25 µM in DCE 77 K ............................. 259
Figure 171 Excitation/emission profiles of S1 50 µM in DCE 77 K ............................. 260
Figure 172 Excitation/emission profiles of S1 85 µM in DCE 77 K ............................. 260
Figure 173 Excitation/emission profiles of S1 100 µM in DCE 77 K ........................... 261
Figure 174 Excitation/emission profiles of S1 300 µM in DCE 77 K ........................... 261
Figure 175 Normalized emission profiles of S1 in DCE 77 K ...................................... 262
Figure 176 Emission Profiles of An in DMF 298 K ..................................................... 262
Figure 177 Excitation/emission profiles of 1 mol% An without the addition of DCB at
298 K indicating the overlap in excitation and emission. ............................................ 263
Figure 178 Lifetime measurement of Blank (Grease and slide) at 298 K with 415 nm
excitation ................................................................................................................... 264
Figure 179 Lifetime measurement of 1 mol% An at 298 K with 415 nm excitation ..... 264
Figure 180 Lifetime measurement of 5 mol% An at 298 K with 415 nm excitation ..... 265
Figure 181 Lifetime measurement of 10 mol% An at 298 K with 415 nm excitation ... 265
Figure 182 Lifetime measurement of 20 mol% An at 298 K with 415 nm excitation ... 266
Figure 183 Lifetime measurement of 30 mol% An at 298 K with 415 nm excitation ... 266
Figure 184 Lifetime measurement of 40 mol% An at 298 K with 415 nm excitation ... 267
Figure 185 Lifetime measurement of 50 mol% An at 298 K with 415 nm excitation ... 267
Figure 186 Lifetime measurement of 60 mol% An at 298 K with 415 nm excitation ... 268
xxvi

Figure 187 Lifetime measurement of 70 mol% An at 298 K with 415 nm excitation ... 268
Figure 188 Lifetime measurement of 80 mol% An at 298 K with 415 nm excitation ... 269
Figure 189 Lifetime measurement of 90 mol% An at 298 K with 415 nm excitation ... 269
Figure 190 Lifetime measurement of 100 mol% An at 298 K with 415 nm excitation . 270
Figure 191 SEM of phase impure 60%-An MOF where cubic crystals are of the
rhombohedral phase and octahedral crystals are of the cubic phase. ........................ 271
Figure 192 SEM of phase impure 70%-An MOF where cubic crystals are of the
rhombohedral phase and octahedral crystals are of the cubic phase. ........................ 271
Figure 193 SEM of 1%-An MOF ................................................................................ 272
Figure 194 SEM of 60%-An MOF .............................................................................. 272
Figure 195 SEM of 70%-An MOF .............................................................................. 273
Figure 196 SEM of 90%-An MOF .............................................................................. 273
Figure 197 SEM of 100%-An MOF ............................................................................ 274
Figure 198 1HNMR of S1 at 298 K ............................................................................. 275
Figure 199 13CNMR of S1 at 298 K ............................................................................ 275
Figure 200 1HNMR of An at 298 K ............................................................................. 276
Figure 201 13CNMR of An at 298 K............................................................................ 276
Figure 202 1HNMR of S2 at 298 K ............................................................................. 277
Figure 203 13CNMR of S2 at 298 K ............................................................................ 277
Figure 204 1HNMR of Xy at 298 K ............................................................................. 278
xxvii

Figure 205 13CNMR of Xy at 298 K ............................................................................ 278
Figure 206 XRD of 1% An MOF in PS on a SiO2 substrate over the PXRD of the same
MOF as a bulk powder ............................................................................................... 280
Figure 207 Comparison of blank sample (PE@SiO2) to 1%-B in PE@SiO2
(λex = 365 nm) ............................................................................................................ 281
Figure 208 1%-B@FTO ............................................................................................. 282
Figure 209 1%-G@FTO ............................................................................................. 282
Figure 210 1%-R@FTO ............................................................................................. 283
Figure 211 1 mol% An@FTO .................................................................................... 283
Figure 212 10 mol% An@FTO .................................................................................. 284
Figure 213 30 mol% An@FTO .................................................................................. 284
Figure 214 100 mol% An@FTO at different magnifications ....................................... 285
Figure 215 1%-B in PE on a glass substrate .............................................................. 286
Figure 216 1 mol% An in PS on a glass substrate ..................................................... 286
Figure 217 Polystyrene on a glass substrate ............................................................. 287
Figure 218 Profilometric measurments of 1%-An@FTO ............................................ 288

xxviii

LIST OF TABLES

Table 1. Numerical figures of merit of the three fluorophore esters (S7, S16, S13) in a
dilute toluene solution. ................................................................................................. 61
Table 2. Experimental Crystallographic Data of NF MOF .......................................... 139
Table 3. Photophysical properties of ester links in toluene (25 oC) (a) Emission data
acquired using dilute solutions (~1 × 10-5 M). (b) kr = (c) knr = (1- .............. 152
Table 4. Lifetime and quantum yield comparison data of SSS MOFs ........................ 167
Table 5. Color rendering index (CRI) values of white light producing of SSS MOFs. For
clarity, only the linker composition is listed ................................................................. 168
Table 6. Sample input and output fluorophore (mole fraction). Collected from NMR data
relating peak area of the fluorophore to the peak area of the NF linker. ..................... 186
Table 7. N2 Brunauer–Emmett–Teller (BET) Surface area parameters collected at 77 K
.................................................................................................................................. 207
Table 8. Reaction conditions for Zr6O4(OH)4[AnxXy1-x]6. ............................................ 243
Table 9. Input vs output concentration of An MOFs without o-DCB addition .............. 249
Table 10. Input vs output concentration of An MOFs with the addition of o-DCB in low
concentration samples ............................................................................................... 250
Table 11. Input vs output concentration of An MOFs with the addition of o-DCB in low
concentration samples (1-30%) and without in higher concentration (40-100%) given in
mol%.......................................................................................................................... 252
xxix

Table 12. Compiled Film Thickness by sample. ......................................................... 289

xxx

CHAPTER 1. MULTIVARIATE METAL-ORGANIC FRMAEWORKS AND
THEIR USE AS A PLATFORM FOR EMISSIVE MATERIALS

Only in the past few years there has been a paradigm shift in functional materials
from utilizing wholly inorganic compounds, such as GaP, CdSe, and AlGaN, to organic
or even hybrid based materials, because of sustainability and costs concerns,
particularly those about accessing rare elements with current global politics. These
materials are used for necessary devices such as oLEDs,1-3 Lasers,4-5 and organic dyesensitized solar cells,6-8 which are fields originally populated mainly by inorganic based
materials. This shift to relying more on organic materials is necessary not only because
of sustainability concerns, but also because of the many positive aspects of organic
materials: organic molecules are easy to design, synthesize in high yields, and
characterize by following strategies such as retrosynthesis, modular syntheses, and
high resolution NMR spectroscopy.
The design of organic molecules can be performed by following systematic
physical organic chemistry approaches, like functionalization of organic moieties with
electron donating or withdrawing groups and extending the π conjugation;9-15 this
degree of tunability allows for libraries of molecules to be studied computationally, which
reduces synthesis time and waste associated with preparing compounds that do not
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Figure 1. Representation of the complexities of functional organic materials. (Top) Via organic synthesis
functional organic molecules can be tethered to a structural component and retain their molecular
properties. (Middle) The organic molecule can be dissolved in a solvent and retain its properties under
dilute conditions, but upon removal of the solvent the molecule aggregates and properties are lost.
(Bottom) Utilizing a matrix which prevents intermolecular interactions the organic molecule can be
incorporated, into the solid state, at varied concentration while preventing undesirable effects observed
when the solvent is removed in the liquid phase.
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possess the required properties. Furthermore, these synthetic methods are often
significantly less energy intensive compared to processes required to prepare and refine
inorganic compounds. For instance, the purification and preparation of silicon from raw
materials to electronics grade requires multiple refining steps often requiring high
temperatures (1100-2000 oC) or vacuum reactions producing HCl or CO gas and each
step requires large amounts of coal, wood, and energy (500 kWh of energy per kg of
Si).16
Predicting properties of inorganic materials is facile, since their crystal structures
are dominated by high-symmetry packings that are easy to control synthetically. This
structural predictability is enabled by the fact that atoms in inorganic solids behave as
spheres, with packings that can be easily understood and controlled with solid-state
synthesis methods. This predictability of packing is not observed in organic materials
when transitioning from the dilute state (liquid) to the condensed state (Figure 1).
Predicting properties of molecules under dilute conditions is facile; however,
determining the crystal structure and crystal properties of organic molecules in the solid
state is computationally intensive17 due to a lack of predictability of crystal structure and
polymorphism that are driven by supramolecular interactions (H-bonds, π-π stacking,
etc) resulting in a multitude of possible structures. As such, a system is required in
which organic molecules can be prepared in the solid state, with predictable crystal
packing, while limiting intermolecular interactions that would cause the loss of the
desired molecular properties (Figure 1 bottom).
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Previous strategies to achieve this goal have employed Shpol’skii18-20 and
polymer21-23 matrices. A Shpol’skii matrix relies on flash freezing the compound of
interest in a compatible solvent; the molecule of study is not allowed to diffuse and is
locked in place by the, now solid, solvent (or matrix). Shpol’skii matrices cannot be
utilized as functional materials, due to the fact that they are metastable solid solutions.19
Furthermore, this system is only stable under cryogenic conditions, which is not
conducive for most real-life systems or devices. Polymer matrices circumvent this issue
by utilizing a more thermally stable matrix to support the organic molecule of interest.
Unfortunately, most polymer matrices have varied crystallinity that is not uniform
(amorphous and crystalline phases exist which effect the solubility of the solute by
phase) so incorporating solutes come with challenges such as: diffusion, phase
separation, non-homogeneous dissolution and orientation, long term stability, and short
shelf life. In these amorphous polymers the location and orientation of the solute
molecule is uncontrollable24 and the relatively “soft” nature of polymers can result in
local diffusion and leaching of the solute from the matrix. 25-28 As such, there is a need
for a chemical system which can facilitate the incorporation of dilute functional organic
molecules into a condensed state in a systematic and general way. In this type of ideal
material, both the bulk matrix and the solute, should be easy to synthesize and
characterize with tunability related to the synthesis of the material.
To fill this need, my research focuses on the utilization of metal-organic
frameworks (MOFs) as a platform for the preparation of functional organic-based
materials. These materials are a subcategory of coordination polymers which can be 1,
4

Figure 2. a) Depiction of a metal-organic framework (MOF) structure (UiO-66) where metal oxide clusters
(blue polyhedra) are connected in an extended framework by organic links (benzene dicarboxylic acid).
The robust nature MOFs is depicted below UiO-66 where the organic link is replaced with a tetracarboxylic acid molecule, resulting in a unique structure (NU1000). b) The isoreticular nature of MOFs is
depicted by proposing an expanded framework, where the single phenyl ring in UiO-66 is replaced by four
phenyl rings. This expansion of the framework would ideally result in the structure on the right, but an
interwoven structure (bottom, where two MOF nets are mechanically interlocked) is more energetically
favorable.
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2, or 3 dimensional, containing potential voids,29 which can be utilized for gas
adsorption30-34 and catalysis.35-38 The key feature of a MOF is the inherent porosity,
represented by yellow and orange spheres Figure 2a, which leads to separation of the
molecular building block. The first MOFs that gained popularity in the late 1990’s were
constructed of soft metal oxide bonds.39-40 The size of this pore is dependent on the
combination of: the metal oxide cluster, the organic linker, and the net topology with one
such example being the difference between the material termed UiO-66, prepared from
a Zr6O4(OH)4(CO2)12 cluster and terephthalic acid, and NU-1000, prepared from the
same Zr cluster and a tetracarboxylic acid derivative of pyrene. While UiO-66 forms with
a cubic structure and one pore size, NU-1000 forms in a hexagonal lattice with two
different pores. Furthermore, while both MOFs crystalize with the same metal oxide
cluster the difference in structure and pore size is based on the connectivity and
geometry of the organic link. An equally important feature of MOFs is their isoreticular
nature, which allows for the preparation of different MOFs with the same crystal
structure by expansion or functionalization of the organic building block. This is seen in
the structure of UiO-66 which utilizes a single phenylene ring as the organic building
block. If the organic link was to be expanded by one or two linear phenylene rings an
isoreticular expansion is obtained. This isoreticular expansion is defined as the
extension of the organic link which often results in an increase in the unit cell of the
MOF. With reference to the isoreticular expansion of UiO-66 the obtained structures are
referred to as UiO-67 and UiO-68. If this linear link were to be expanded from one to
four phenyl rings, Figure 2b, a similar isoreticular trend is observed, yet the material
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Figure 3. a) Depiction of an inorganic based substitutional solid solution (SSS), were solute A is
essentially dissolved in the average unit cell of matrix B. b) A representation of the SSS approach to MTV
MOFs presented in this thesis. Using this approach we have studied both multicolor emission and
controlled dimer emission in the solid state.
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exhibits another unique feature of MOFs termed interpenetration (mechanically
interlocked frameworks within each other). When two interpenetrating frameworks are
as close as possible to each other, the interpenetration is referred as interweaving.41-42
This interweaving occurs due to the larger pore created by the expanded organic
link, which in turn allows a second framework to form inside the empty pore of the
original framework. Here, the organic building blocks are sufficiently long enough to
allow two unique frameworks to form a mechanically interlocked structure. This
interwoven structure still retains the inherent porosity of MOFs and due to the short
framework-framework distance, some intermolecular interactions are allowed.
Another exciting property of MOFs is their tolerance to the incorporation of multiple
links inside the same framework. In this case the organic link can be functionalized
orthogonal to the carboxylic acids and incorporated into a MOF with the unsubstituted
link. This was first demonstrated by Deng et al. who incorporated multiple combinations
of nine different functionalized terephthalic acid derivatives into a homogeneous MOF.43
These materials varied in composition from two unique links, with different pairs of
molecules, up to all nine links being incorporated into the same bulk powder. These
materials were referred to as multivariate MOFs (MTV MOFs) and were studied
crystallographically. The study emphasized the isoreticular nature of MOFs as the X-ray
diffraction of the MTV materials were identical to those of the simulation and the
unsubstituted powder. These finding have led to further in-depth studies of the
properties that can be implemented within MTV MOFs and possible applications of the
resultant materials.35,

44-47

These materials have also allowed the study of the
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distribution, within crystallites, of the organic building blocks indicating how
intermolecular interactions and post-synthetic linker substitutions can result in
inhomogeneity.48-49
This ability to include multiple building blocks, organic links, into the same material
resembles the inorganic concept of substitutional solid solutions, SSS. In an SSS a
small amount of solute atom is included into the synthesis of an inorganic compound
where the solute atom is essentially dissolved inside the host matrix, Figure 3a. A
common example of an inorganic SSS is a blue LED, where In atoms are the solute and
GaN is the matrix, forming the solid solution InxGa1-xN. In SSS materials the observed
properties vary as a function of the solute concentration; with InxGa1-xN the emission
shift from 380 nm with x = 0.02 to 440 nm with x = 0.3.50
Currently there is no general method that can prepare SSS of organic molecules
(see above Figure 1) unless the molecule of interest is suspended in a semi-stable
material. Herein I apply this concept of SSS to MTV MOFs as an approach to
circumvent the issue associated with intermolecular interactions in the condensed state,
the MOF structure incorporates space between the links and reduces property altering
intermolecular interactions. In our approach, Figure 3b, we prepare a structural and
functional organic link and incorporate varied amounts of the functional link into a
structural matrix. To study this approach, as a feasible means to achieve solid state
properties of organic molecules, we chose to study emissive properties due to their
thorough understanding in solution. Our goal was to be able study a plethora of
solution-based properties in the solid state and compare the observations to the
9

compound in a dilute solution. This goal led us to choose dilute fluorescence and
aggregate emission as a means to understand the viability of this SSS approach to MTV
MOFs.
Design Rules for MTV MOF based SSS
To successfully apply this SSS approach to MOFs, we designed a set of guidelines
to govern the choice of the organic and MOF components to facilitate the deconvolution
of structure from its function; we needed to facilitate the incorporation of the desired
solution property into the MTV MOF. Within this list of rules there exists a compulsory
and preferential set of instructions: the compulsory rules are required to form an SSS of
MTV MOFs and the preferential rules are desirable to aid in the characterization and
control over the material. The rules are as follows:
Compulsory Rule:
1. Size of linkers. The size of the links utilized in the MTV MOF (structural and
functional) should be of a similar length from carboxylate to carboxylate. A similar
length between links prevents phase separation, and ensures the formation of a
homogeneous single phase.

Small variations in link size can be tolerated, as

literature in dense phases shows that atoms of different sizes can be embedded in
an SSS following Vegard’s law. While small differences in length can be tolerated,
the incorporation of the functional moiety into the structural link can lead to an
increase in steric bulk of the molecule, and must be minimized to ensure a
homogeneous crystalline material is formed.
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2. Solubility of linkers. The series of molecular links should be prepared in highly
soluble forms to ensure complete dissolution into the crystallization media.
Insoluble links will lead to unknown concentrations, which in turn inhibits MOF
crystallization and leads to input inconsistencies. A direct tactic is to design
multivariate linkers that already include solubilizing groups. With an increased
solubility of both the structural and functional links their concentration in solution will
be highly controlled and consistent, as will be their incorporation into the MOF.
Slight differences in solubility may be tolerated, but may result in a decreased
tolerance of link incorporation into the final MOF.
3. Using high symmetry cubic MOFs. Using a high symmetry cubic MOF ensures
that only one crystallographic parameter is of concern (one parameter in a cubic vs.
four in a monoclinic structure). Following only one parameter makes the
crystallographic characterization via PXRD and crystal modeling undemanding.
Choosing a MOF with a high symmetry space group will also increase the available
positions for linker incorporation, the uniformity in their distribution (crystallographic
occupancy factor), and will create a consistent chemical environment around a
solute link.
Preferential rules:
4. pKa of the linkers. The multivariate links should have a pKa of similar value to
have analogous reactivity between the carboxylates and the metal ions while
forming the secondary building unit (SBU). If the links that are being embedded
have the same reactivity, it is likely they will incorporate into the MOF at the same
11

rate. Therefore, along with the second compulsory rule, ensures that the initial ratio
of links in the growth media (input) is the same as in the MTV MOF (output). We
found that a facile way to include functional groups without changing the pKa of the
link was by minimizing the electronic coupling between the active functionality and
the benzoate moiety, which can be achieved by including freely rotating bonds
between the two.
5. Known link-link interactions. The multivariate links should have little or no
intermolecular interactions between them. Strong link-link interactions can lead to
clustering in the MOF crystallites resulting in domain inhomogeneity. 51-52 An
exception to this rule is if the intermolecular interactions are already well-studied in
solution, which can lead to interesting unique properties in the solid MOF. If strong
interactions are occurring in the crystallization media, an additive can be used to
help break these aggregates. For example, we created an MTV MOF system were
the multivariate links can interact through π-π stacking leading to changes in
photophysical properties that enabled the thermodynamic quantification of this
interaction.
6. Modular Synthesis both MOF and links, and MOF friendly conditions. The
synthesis of the links and the MOF, if possible, should have a modular approach.
For the organic links, the utilization of divergent protocols can be utilized to cut back
on synthetic steps and allow the redesign of previous molecular pieces towards a
particular property or enhance solubility. On the other hand, the MOF should benefit
from a set of comparable synthetic conditions to allow tolerance of multivariate
12

incorporation. Ideally both sets of organic links (structural and functional) should
crystalize under similar conditions, as stark differences in the crystallization
conditions will cause inconsistencies in the formation of the multivariate phases.
This can lead to more complex synthetic conditions as discussed in our work with Jdimers, where co-solvents or a linear combination of acid modulators is required to
crystalize intermediate MTV MOFs.
7. Isoreticular nature of MOFs. The chosen MOF should have a well-studied
isoreticular nature, which aids in the characterization of the material, and facilitate
the formation of complex multicomponent MOFs. This rule is a corollary to
compulsory rule three, as high symmetry isoreticular MOFs are more uniform
matrices enabling ease of study. This isoreticular nature is tied into the symmetry of
the MOF and results in no changes in the diffraction pattern when replacing
structural links with functional solutes. With this we found that zirconiumcarboxylate MOFs preform ideally due to their high symmetry crystal structure,
transferable synthetic conditions (modular approach), and their inherent water
stability.
The culmination of the presented rules fosters an ideal environment for the
formation of functional MTV MOFs and aids in consistent and reliable properties from
the material.
This dissertation describes the application of a substitutional solid solution
approach to multivariate metal-organic frameworks. The focus of this application is the
preparation of functional organic-based materials which present with a solution-like
13

behavior. Emission based properties were studied to gain a better understanding of the
processes that can occur in these materials.
Chapter 2 of this dissertation focuses on the preparation of organic fluorophores
and a structural link for the study of dilute fluorescence in MTV MOFs. The fluorophore
dyes were designed to have similar excitation profiles while emitting red, green, or blue
light to prevent large amounts of energy transfer from occurring. The core for the
fluorophore dyes utilizes an excited state proton transfer mechanism to achieve this
large apparent Stokes shift. This chapter focuses on the synthetic preparation of these
fluorophore dyes and the use of a divergent synthetic scheme to save on preparation
time. A structural link was also synthesized for use as the matrix in the MTV MOF
system. These links were then studied for emissive properties in solution, thus allowing
for a comprehensive comparison between the links in a dilute solution and their
respective MOFs. The links were named after their emission profile and will be referred
to as R, G, B, and NF for Red, Green, blue, and non-fluorescent respectively.
Chapter 3 focuses on the incorporations of the links from chapter 2 into MTV
MOFs. The incorporation of these links into a homogeneous material was utilized to
study dilute fluorescence while trying to achieve broadband emission. The first set of
prepared samples consisted of only one fluorophore and the structural link, where the
concentration of the fluorophore was adjusted from 0.1 mol% to 1.0 mol% and 10 mol%.
By varying the concentration of the active link it was possible to observe concentration
dependent effects that are commonly observed in solution and allow the minimization of
inner filtering effects in the material. Then next set of samples were prepared at 1.0
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mol% and consisted of two or three fluorophore links and the structural link. In this
portion of the study it was possible to observe homogeneous multifluorophore emission
from a solid sample, each of which presented with properties similar to both the links in
solution and in their respective single fluorophore MOFs. With all three dyes
incorporated into the same MOF the spectral properties observed were similar to that of
the sun, ie. CIE coordinates of (0.31, 0.33), CRI of 93%, and a white light equivalent
temperature of 6480 K.
Chapter 4 shifts focus from multiple emitters to a single emitter incorporated into a
MOF matrix. In this case the MOF matrix is utilized to induce controllable aggregate
emission. The interwoven structure of the Zr-based MOF limits intermolecular
interactions to dimeric species, which in turn have different emission profiles depending
on the ratio of monomeric to dimers. In this study two previously prepared links were
utilized in the PIZOF-2 MOF structure, once again employing the SSS approach to MTV
MOFs. As the concentration of the emissive link, an anthracene derivative, was
increased, the emission profile of the prepared materials shifted from green to red. This
shift was studied as a function of total fluorophore concentration, which allowed for the
study of KD, the dimerization equilibrium constant. By studying this constant it was
observed that the MOF allowed dimers to form at a much higher concentration than in
solution, preventing trimers and other aggregates from forming, and the observed KD
was 3 orders of magnitude higher than similar compounds in solution.
The contents of chapter 5 focus on the incorporation of the MOFs from chapter 3
and 4 into thin film devices. Bulk powder MOFs are the simplest form to prepare, but
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lack the processability required for incorporation into devices. The transition from bulk
powder to thin film in MOFs can present challenges in retaining crystallinity and
homogenous coverage of the substrate. The first half of this chapter utilizes fluorinedoped tin oxide (FTO) as a substrate for the MOF films. FTO was chosen due to its
inherent conductivity as a transparent electrode, which is ideal from preparing light
emitting devices. The spectral properties of the prepared materials were collected, and
in the case of the white light emission samples, found to be vastly different from the bulk
powders. This leads to the second half of the chapter where the bulk powders are
prepared into thin films by utilizing a polymer matrix and a spin coating device. This
move from FTO to a polymer matrix over silicon oxide was done to increase the overall
yield of the material and allow an increased similarity between the emission of the bulk
powder and the thin film.
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF ORGANIC
FLUOROPHORE LINKS FOR SOLID-STATE LIGHT EMISSION

Reproduced with permission from W. J. Newsome, A. Ayad, J. Cordova, E. W.
Reinheimer, A. D. Champiglia, J. K. Harper, K. Hanson, F. J. Uribe-Romo, J. Am.
Chem. Soc., 2019, 141, 11298-11303. Copyright 2020 American Chemical Society.

Introduction
Multicolor emission in solutions is a phenomenon that occurs in a system of
multiple emitters, where the bulk fluorescence of the solution results from the combined
emission of each emitter.1-2 In liquid solutions of dilute organic fluorophores, this
property is easily controlled, because solutions with exact concentrations can be
prepared. In the crystalline solid-state (i.e. excluding polymer blends and glasses),
organic-based multicolor emission is more challenging to produce, because when the
solvent is removed, the organic fluorophores aggregate,3-4 phase separate, and quench,
producing a heterogeneous solid mixture with unpredictable fluorescence. A strategy to
produce organic-based crystals with tunable bulk multicolor emission can be done to
adapt the solid-state chemistry concept of substitutional solid solutions (SSS). SSS are
crystals that form when a solute atom (Figure 4a) is incorporated into a uniform
crystalline matrix, substituting some of the matrix atoms, so the solute is effectively
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dissolved within the average unit cell.5 Employing this concept in inorganic materials
has allowed for finely tuned control of the physical properties of materials for
applications such as lasers6 and blue LEDs.7 In the case of organic materials, however,
the concept of preparing SSS does not generally apply for several reasons. First, unlike
atoms, organic molecules are non-spherical, so dopant-matrix matching is a nontrivial
task.8-9 Second, organic compounds tend to form low symmetry and unpredictable
crystal packings,10 making their bulk crystallographic characterization challenging. Third,
as mentioned above, mixtures of organic compounds phase separate during
crystallization, so homogeneous incorporation of solutes is not ensured. Despite these
challenges, preparing of organic-based SSS with tunable fluorescence would allow for
the creation of crystalline materials that take advantage of the inherent tunability of
molecular emitters.
Multivariate metal-organic frameworks (MTV MOFs) are a sub-class of MOFs
where organic links of varied functionalization are incorporated into a single-phase
MOF.11 These types of MOFs are an attractive platform for making tunable and
homogeneous crystals because the spatial arrangement of the organic links is dictated
by the structure of the MOF, despite their differences in chemical functionality (Figure
4b).12 Here, we demonstrate that utilizing high-symmetry multivariate MOFs as matrices
for organic-based SSS enables the preparation of crystalline multicolor emitting
materials. By forcing the organic links to arrange in high symmetry environments,
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Figure 4. a) Scheme of inorganic-based substitutional solid solution b) Scheme of organic-based
substitutional solid solution formation in MOFs.
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Figure 5. a) Organic links used in this study. b) Excited state proton transfer (ESPT) enol and keto
tautomers.
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a greater level of synthetic control can be achieved, circumventing the previously
mentioned problems associated with organic-based SSS. Also using high symmetry
MOFs (e.g. cubic unit cell) facilitates crystallographic characterization via crystal
simulations and powder diffractometry. We demonstrate that incorporation of organic
links that contain red, green, and blue (RGB) fluorescent moieties (Figure 4b) into a
non-fluorescent, high-symmetry MOF matrix, results in the formation of fluorescent,
organic-based SSS. The observed organic SSS behavior allows tunable multicolor
emission in bulk crystals with emissive properties dictated exclusively by the input
concentration of RGB fluorophore links, producing materials that fluoresce many
different colors, including white light, with tunable color parameters (e.g. chromaticity
and white-light temperature), and very high color rendering indices. The prepared
materials retain their crystallinity at room temperature for months under normal
laboratory conditions, and even after direct exposure to water. We found that dilution of
the fluorescent links to around 1.0 mol% displayed typical solution behavior, including
decreased inner filtering, high quantum yields, tunable chromaticities, excitationemission independence, concentration dependent energy transfer, as well as the
expected emission phenomena from the fluorophores, such as excited-state proton
transfer (ESPT).
The MOF matrix utilized here consists of the zirconia-type PPPP-PIZOF MOF
(Figure 23), an interwoven face-centered cubic network (space group Fd-3m)13 built
with tetramethyl quarterphenyldicarboxylate (Figure 5a) that is non-fluorescent in the
visible region. This MOF type is water stable and allows for the incorporation of links
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with varied natures.12 Based on ESPT dyes designed by Park et al., the multivariate
links are composed of quarterphenyl chains bearing 1,2-diarylphenanthro[9,10d]imidazole fluorophores.14-15 This moiety was utilized as a template for its stability to
MOF synthetic conditions, high quantum yield, and ease of color variability through
synthesis. When the aryl at the 2 position is an o-phenol derivative, the dye can exist as
either an enol or keto tautomer (Figure 5b), interchanging by transferring the phenolic
proton to the unsubstituted nitrogen of the imidazole ring. 16 In the ground state, these
dyes exist in the enol tautomer. After excitation, a proton transfer can occur producing
the excited state keto form that induces a large apparent Stokes shift that varies
according to the molecular structure of the phenolic ring stucture. As such, an
unsubstituted phenol has a small shift, emitting in the blue region, while adding a phenyl
group shifts emission to green, and changing to a naphthol group further shifts the
emission to red. After relaxing via emission, the dye readily reverts to the enol form.
This large apparent Stokes shift is advantageous for mixed fluorophore systems
because it allows for single wavelength excitation of the high energy enol form and
emission from the low energy keto form with minimal spectral overlap.16-17 Furthermore,
covalent attachment of diaryl-phenanthroimidazole to the quaterphenyl links ensures
that the fluorophores will not diffuse or leach out of the solid.18-19 The SSS were
prepared using the multivariate links shown in Figure 5a, herein referred to as NF (nonfluorescent), R (red), G (green), and B (blue).
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Experimental
All starting materials and solvents, unless otherwise specified, were obtained from
commercial sources (Aldrich, Fisher) and used without further purification. All reactions
were performed at ambient laboratory conditions, and no precautions were taken to
exclude oxygen or atmospheric moisture unless otherwise specified. Anhydrous N,Ndimethylformamide (DMF), Dichloromethane (CH2Cl2), and Tetrahydrofuran (THF) were
purified using a custom-built alumina-column based solvent purification system
(Inovative Technology). Anhydrous MeOH and dioxane were obtained from Aldrich
(Sureseal). Deuterated solvents (CDCl3 and DMSO-d6) were obtained from Cambridge
Isotope Lab. K2CO3 was dried in a 120 oC oven for 24 h prior to use. 1,4-Benzoquinone
was freshly sublimed prior to use.
High-resolution 1H, and

13

C nuclear magnetic resonance (NMR) spectra were

recorded using Bruker AVANCE-III 400 MHz spectrometer. The 1H chemical shifts are
given relative to tetramethylsilane as zero ppm, calibrated using the residual solvent
signal. Data processing was performed using MNova version 9.0.1.
Solution state absorption spectra were recorded using an Agilent 8453 UV-visible
photo diode array spectrophotometer. Extinction coefficients for linkers in toluene were
determined from the absorption spectra of solutions with a known concentration of
fluorophore in a 1 × 1 cm special optical glass cuvette.
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Figure 6. Synthetic scheme of NF link, starting from p-xylene with yields indicated inside boxes.
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2,5-dibromo-p-xylene (S1): Adapted from20. p-Xylene (27.8 mL, 226 mmol, 1 eq), I2
(2.87 g, 11.3 mmol, 0.05 eq) and CH2Cl2 (80 mL) were loaded into a 250 mL round
bottom flask equipped with a magnetic stir bar and cooled to 0 °C. Br2 (23.5 mL, 456
mmol, 2.02 eq) and CH2Cl2 were loaded into an addition funnel and the solution was
added dropwise to the xylene mixture over the course of 1 h keeping the temperature at
0 °C. Upon completion of the addition, the mixture was allowed to warm to room
temperature and stirred for 15 h, monitored by TLC. Aqueous KOH (30% w/w, 100 mL)
was added to the mixture and stirred for 20 min until disappearance of the color in the
organic layer. The organic fraction was separated from the mixture and rinsed with
water (x1) and brine (x1), dried with Na2SO4 and filtered. The solvent was removed
under reduced pressure in a rotary evaporator resulting in a pale white solid. Yield
56.4 g (95%). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 7.39 (s, 2H), 2.33 (s, 6H) 13C
NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 136.95, 133.92, 123.40, 22.21

4,4'-dibromo-2,2',5,5'-tetramethyl-1,1'-Biphenyl (S2): Adapted from21. S1 (2.00 g,
7.577 mmol, 1.0 eq) was added to a 250 mL Schlenk flask equipped with a magnetic stir
bar and evacuated to 100 mtorr and back filled with N2 gas, this procedure was
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repeated to a total of three times. Anhydrous THF (58 mL) was added to the Schlenk
flask and cooled to -78 oC2.5 M nBuLi (3.64 mL, 9.092 mmol, 1.2 eq) was added
dropwise over the course of 5 min, and the solution was stirred at -78 oC for 1.5 h.
CuCN (0.339 g, 3.788 mmol, 0.5 eq) was added under N2 flow, and allowed to warm to
room temperature until dissolution of the CuCN, approximately 1 h. Benzoquinone
(1.229 g, 11.36 mmol, 1.5 eq) was added to the flask at room temperature forming a
deep solution which was stirred at room temperature for 10 h. The reaction was
quenched with aqueous 2 M HCl (100 mL) and diluted to a total volume of 200 mL with
water. The aqueous phase was extracted with CH2Cl2 (x3), the combined organic
extracts were rinsed with water (x1), brine (x1), dried over Na2SO4, and filtered. The
solvent was removed under reduced pressure in a rotary evaporator. The crude product
was then purified by column chromatography (SiO2, hexanes) resulting in a clear oil.
Yield 0.9115 g (65%). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 7.43 (s, 2H), 6.93 (s,
2H), 2.37 (s, 6H), 1.99 (s, 6H)
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C NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 139.85,

135.28, 135.04, 133.48, 131.53, 123.69, 22.45, 19.18.

2',2'',5',5''-tetramethyl-[1,1':4',1'':4'',1'''-Quaterphenyl]-4,4'''-dicarboxylic acid, 4,4'''dimethyl ester (S3): S2 (1.21 g, 3.287 mmol, 1.0 eq), 4-(methoxycarbonyl)-phenyl
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boronic acid (1.48 g, 8.218 mmol, 2.5 eq), CsF (1.50 g, 9.861 mmol, 3.0 eq), and
Pd(dppf)Cl2 (0.130 g, 0.164 mmol, 0.05 eq) were added to a 100 mL Schlenk flask
containing S2. The Schlenk flask was the evacuated to 100 mtorr and backfilled with N 2,
this procedure was repeated for a total of three times. Anhydrous dioxane (24.6 mL)
and anhydrous methanol (8.2 mL) were added to the Schlenk flask under N2. The
solution was stirred and heated to 105oC for 18 h. The solution was cooled to room
temperature and quenched with water (200 mL), and was extracted with CH 2Cl2 (x3).
The combined organic layers were rinsed with water (x1) and brine (x1), dried over
Na2SO4, and filtered through a Silica plug, which was washed with excess DCM. The
CH2Cl2 was removed under reduced pressure in a rotary evaporator. The crude was
purified via a recrystallization from ethanol, resulting in a white solid. Yield 1.22 g (77%).
1

H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 8.11 (d, J = 8.5 Hz, 4H), 7.48 (d, J = 8.5 Hz,

4H), 7.15 (s, 2H), 7.07 (s, 2H), 3.96 (s, 6H), 2.27 (s, 6H), 2.13 (s, 6H). 13C NMR (101
MHz, CDCl3, 25 oC) δ (ppm) 170.36, 167.26, 146.86, 140.95, 139.80, 133.50, 132.29,
131.66, 131.14, 129.55, 129.49, 128.65, 100.09, 52.28, 20.05, 19.53. HRMS (DARTTOFMS) m/z calculated for C23H31O4 [M+H]+: 479.2217, 479.2200.

2',2'',5',5''-tetramethyl-[1,1':4',1'':4'',1'''-Quaterphenyl]-4,4'''-dicarboxylic

acid,

(NF linker): S3 (0.720 g, 1.50 mmol, 1.0 eq) was added to a 500 mL round bottom flask
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followed by THF (100 mL). 5 M KOH in methanol (15 mL, 75.221 mmol, 50 eq) was
added to the THF solution. The solution was heated to reflux overnight. The volatile
solvents were then removed under reduced pressure in a rotary evaporator. The
resulting residue was dissolved in water (200 mL) and quenched with 2M H 2SO4 till the
solution was acidic and a light grey solid had precipitated out of the solution. The
precipitate was collected by vacuum filtration and rinsed with water and cold methanol.
Yield 0.62 g (92%). 1H NMR (400 MHz, DMSO-d6, 25 oC) δ (ppm) 8.02 (d, J = 6.6 Hz,
4H), 7.54 (d, J = 8.0 Hz, 4H), 7.20 (s, 2H), 7.07 (s, 2H), 2.24 (s, 6H), 2.07 (s, 6H).

13

C

NMR (101 MHz, DMSO-d6, 25 oC) δ (ppm) HRMS 167.18, 145.57, 140.25, 139.19,
132.84, 131.84, 131.29, 130.84, 129.28, 129.23, 129.23, 19.62, 19.06. (DART-TOFMS)
m/z calculated for C30H25O4 [M-H]-: 449.1758, found 449.1657.

2-Ethylhexyl-4-carboxylphenyl Boronic Acid (S4): 4-carboxylate-phenyl boronic acid
(10.0 g, 60.3 mmol, 1.0 eq), K2CO3 (20.8 g, 150 mmol, 2.5 eq), 2-ethylhexyl bromide
(32.2 mL, 180.8 mmol, 3.0 eq) were added to a 250 mL round bottom flask with
anhydrous DMF (80.4 mL). The mixture was heated to 90 oC for 24 h. Upon cooling to
room temperature the reaction was quenched with 3 M H2SO4 until CO2 evolution
subsided. Diluted to a total volume of 400 mL and extracted with EtOAc (x3). The
combined organic layers were rinsed with 2M LiCl, water, and brine, dried over Na 2SO4,
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and filtered. The EtOAc was removed in a rotary evaporator. The crude oil was
subjected to SiO2 column chromatography with 0-65% EtOAc in hexanes gradient as an
eluant to yield a viscous oil. Yield 12.23 g (73%). 1H NMR (400 MHz, CDCl3, 25 oC) δ
(ppm) 8.29 (d, J = 8.4 Hz, 2H), 8.16 (d, J = 8.3 Hz, 2H), 4.33 – 4.24 (m, 2H), 1.75 (h, J =
6.1 Hz, 1H), 1.53 – 1.32 (m, 8H), 1.00 – 0.89 (m, 6H).

13

C NMR (101 MHz, CDCl3,

25 oC) δ (ppm) 166.67, 135.70, 134.43, 129.02, 67.80, 39.07, 30.76, 29.14, 24.17,
23.14, 14.20, 11.27. HRMS (DART-TOFMS) m/z calculated for C15H22BO4 [M-H]–:
277.1617, found 277.1598
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Figure 7. Synthetic scheme of B link, starting from 9,10-phenanthraquinone with yields indicated inside
boxes. This scheme is a divergent scheme from the synthesis of G and R.
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2,7-dibromo-9,10-phenanthraquinone

(S5):

9,10-phenanthraquinone

(5.00

g,

24.01 mmol, 1.0 eq), N-bromosuccinimide, NBS, (9.40 g, 52.83 mmol, 2.2 eq) was
added to a 500 mL round bottom flask equipped with a magnetic stir bar followed by
sulfuric acid (138.8 mL). The solution was stirred at room temperature for one hour, at
which point the viscosity of the solution was high enough that the magnetic stir bar
would not mix the solution. Thus the flask was lowered into an ultrasonic bath which
lowered the viscosity and allowed the solution to continue mixing. The mixture was then
stirred 17 h at room temperature. The reaction was quenched by pouring onto ice. The
product was collected by vacuum filtration and rinsed with water. The crude was
recrystallized from boiling DMSO. The pure product was filtered off and rinsed with
water and dried under a low pressure vacuum, resulting in deep orange crystals. Yield
5.93 g (68 %). 1H NMR (400 MHz, DMSO-d6, 25 oC) δ (ppm) 8.25 (d, J = 8.6 Hz, 1H),
8.08 (d, J = 2.3 Hz, 1H), 7.96 (dd, J = 8.5, 2.3 Hz, 1H).

13

C NMR (101 MHz, DMSO-d6,

25oC) δ (ppm) 176.73, 137.36, 133.55, 133.12, 130.97, 126.90, 122.81.

36

2-(2-hydroxyphenyl)-1-phenyl-(5,10-dibromophenanthro[9,10-d]imidazole

(S6):

Adapted from (15). S5 (3.5 g, 9.56 mmol, 1.0 eq) and ammonium acetate (3.69 g, 47.81
mmol, 5.0 eq) were added to a 250 mL two neck flask equipt with a magnetic stir bar.
The flask was purged with nitrogen gas three times as mentioned previously, and acetic
acid (70 mL) was added, followed by aniline (1.75 mL, 19.13 mmol, 2.0 eq) and
salicylaldehyde (1.02 mL, 9.56 mmol, 1.0 eq). The solution was heated to 120 oC. After
12 h the solution was cooled to room temperature and quenched with water. The green
precipitate was collected by vacuum filtration and rinsed with 40% aqueous acetic acid
and pure water. The crude product was dissolved in CH2Cl2 and rinsed with brine (x1),
dried over Na2SO4 and filtered through a silica plug to remove an insoluble brown
material. The collected crude was dried in a rotary evaporator and subjected to column
chromatography (SiO2, 15-35% v/v CH2Cl2/hexanes) producing a yellow solid. Yield
3.18 g (61%). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 8.78 (d, J = 2.1 Hz, 1H), 8.48
(d, J = 9.0 Hz, 1H), 8.43 (d, J = 8.9 Hz, 1H), 7.84-7.71 (m, 4H), 7.60-7.56f (m, 3H), 7.257.21 (m, 1H), 7.13 (dd, J = 8.3, 1.1 Hz, 1H), 7.02 (d, J = 2.0 Hz, 1H), 6.79 (dd, J = 8.2,
1.4 Hz, 1H), 6.52 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ

(ppm) 159.31, 149.29, 138.43, 134.22, 131.37, 131.24, 131.14, 129.60, 128.95, 128.63,
127.64, 127.13, 126.73, 126.64, 126.40, 125.71, 125.40, 125.00, 123.96, 123.81,
37

122.39, 121.34, 118.41, 118.36, 112.78. HRMS (DART-TOFMS) m/z calculated for
C27H15Br2N2O [M-H]–: 542.9536, found 542.9476.

Bis(2-ethylhexy)-4,4’-(2-(2-hydroxyphenyl)-1-phenyl-(5,10-diylphenanthro[9,10d]imidazole)dibenzoate (S7): S6 (1.8 g, 3.31 mmol, 1.0 eq), S4 (2.02 g, 7.28 mmol,
2.2 eq), CsF (3.01 g, 19.84 mmol, 6.0 eq), and Pd(dppf)Cl 2 (0.108 g, 0.132 mmol, 0.04
eq) were added to a 250 mL Schlenk flask equipt with a magnetic stir bar. The flask was
purged three times with N2 gas, as mentioned previously, and anhydrous dioxane (66
mL) was added. The reaction vessel was heated to 100oC for 10 h. Upon cooling to
room temperature the reaction was quenched with water and extracted with CH 2Cl2 (x3).
The CH2Cl2 was rinsed with brine, dried over Na2SO4, and filtered. The solvent was
removed in a rotary evaporator and the residue was subjected to column
chromatography (SiO2, 15-25% v/v CH2Cl2/hexanes), where the column was pretreated
with 3% v/v TEA in hexanes, to yield a yellow wax. Yield 1.58 g (82%). 1H NMR (400
MHz, CDCl3, 25 oC) δ (ppm) 8.92 (t, J = 3.3 Hz, 1H), 8.76 (dd, J = 19.1, 8.9 Hz, 2H),
38

8.20 (dd, J = 8.4, 2.1 Hz, 2H), 8.06 – 7.98 (m, 2H), 7.98 – 7.89 (m, 3H), 7.86 – 7.73 (m,
4H), 7.72 – 7.63 (m, 2H), 7.34 (dq, J = 9.3, 2.1 Hz, 3H), 7.23 (dd, J = 7.0, 1.4 Hz, 1H),
7.15 (dd, J = 8.2, 1.3 Hz, 1H), 6.88 – 6.81 (m, 1H), 6.54 (ddd, J = 8.3, 7.1, 1.4 Hz, 1H),
4.32 - 4.27 (m, 4H), 1.80 - 1.75 (m, 2H), 1.54 - 1.39 (m, 16H), 1.04 – 0.95 (m, 12H).

13

C

NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 166.63, 166.53, 159.23, 148.60, 144.53, 144.12,
139.14, 138.61, 137.08, 134.64, 131.05, 130.99, 130.69, 130.22, 130.00, 129.64,
129.49, 129.08, 128.63, 127.63, 127.29, 127.17, 126.54, 126.11, 126.08, 124.86,
124.04, 123.75, 122.80, 120.57, 119.37, 118.25, 118.14, 112.90, 67.60, 67.51, 39.08,
39.03, 30.76, 30.71, 29.14, 29.12, 24.18, 24.13, 23.15, 23.13, 14.23, 14.21, 11.28,
11.23. HRMS (DART-TOFMS) m/z calculated for C57H57N2O5 [M-H]–: 849.4273, found
849.4041.
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4,4’-(2-(2-hydroxyphenyl)-1-phenyl-(5,10-diylphenanthro[9,10d]imidazole)dibenzoic acid (B linker): S7 (1.58 g, 1.86 mmol, 1.0 eq) was added to a
500 mL round bottom flask with 124 mL of THF. 5 M KOH in methanol (18.6 mL, 92.8
mmol, 50 eq) was added to the THF solution. The solution was heated to reflux
overnight. The volatile solvents were then removed in a rotary evaporator. The resulting
residue was dissolved in 200 mL of water and quenched with 3M H2SO4 till the solution
was acidic and a yellow solid had crashed out of the solution. The precipitate was
collected by vacuum filtration and rinsed with water and cold methanol. Yield 1.1 g
(95%). 1H NMR (400 MHz, DMSO-d6, 25 oC) δ (ppm) 9.00 (dd, J = 12.9, 8.7 Hz, 2H),
8.90 (d, J = 2.1 Hz, 1H), 8.17 – 8.02 (m, 5H), 7.99 – 7.89 (m, 3H), 7.76 (dq, J = 15.1,
8.4 Hz, 5H), 7.42 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 2.0 Hz, 1H), 7.25 (d, J = 8.6 Hz, 1H),
7.21 – 7.15 (m, 1H), 6.96 (d, J = 8.2 Hz, 1H), 6.72 (t, J = 7.6 Hz, 1H).13C NMR (101
MHz, DMSO-d6, 25 oC) δ (ppm) 167.13, 166.94, 157.18, 149.18, 143.66, 143.09,
137.95, 136.56, 131.18, 130.45, 130.37, 130.15, 129.92, 129.89, 129.25, 128.87,
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128.83, 127.91, 127.34, 127.16, 127.07, 126.37, 125.56, 124.98, 124.68, 123.82,
122.60, 122.58, 119.67, 118.66, 118.35, 116.55, 109.51. HRMS (DART-TOFMS) m/z
calculated for C41H25N2O5 [M+H]+: 625.1769, found 625.1667.
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Figure 8. Synthetic scheme of R link, starting from 9,10-phenanthraquinone with yields indicated inside
boxes. This scheme is a divergent scheme from the synthesis of G and B.
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Methyl 3-methoxy-2-naphthanoate (S8): 3-hydroxy-2-naphthanoic acid (5.0 g,
26.6 mmol, 1.0 eq) and K2CO3 (14.7 g, 106.3 mmol, 4.0 eq) were added to a 250 mL
round bottom flask. The flask was evacuated to 150 mtorr and back filled with nitrogen
gas three times. Anhydrous DMF (60 mL) was then added and stirred in the round
bottom flask. MeI (8.60 mL, 138.2 mmol, 5.2 eq) was added to the flask and the mixture
was heated to 80 oC for 24 h. After which the vessel was cooled to room temperature
and the excess carbonate was quenched by the addition of 3 M H2SO4. The solution
was then diluted to 500 mL using DI water. The solution was extracted with EtOAc (x3).
The combined organic extracts were rinsed with 75 mL of 2 M LiCl (x1), 175 mL water
(x3), and brine (x1) after which the EtOAc was dried over Na2SO4 and filtered. The ethyl
acetate was removed using a rotary evaporator and the crude product was subjected to
column chromatography, (SiO2, 7% v/v EtOAc/hexanes). Yield 5.48 g (96%). 1H NMR
(400 MHz, CDCl3, 25 oC) δ (ppm) 8.30 (s, 1H), 7.81 (d, J = 8.9 Hz, 1H), 7.73 (d, J = 9.0
Hz, 1H), 7.51 (t, J = 8.2 Hz, 1H), 7.37 (t, J = 8.1 Hz, 1H), 7.20 (s, 1H), 3.98 (d, J = 15.4
Hz, 6H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 166.80, 155.81, 136.20, 132.89,

128.79, 128.52, 127.62, 126.55, 124.50, 121.80, 106.88, 77.16, 56.09, 52.38.
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3-Methoxy-2-naphthalenemethanol (S9): Adapted from22. LAH (1.924 g, 50.68 mmol,
2.0 eq) was collected in a 250 mL schlenk flask from an argon filled glove box.
Anhydrous THF (118 mL) was added to the LAH and stirred into a slurry, which was
then lowered into an ice bath. In a separate 50 mL schlenk flask S8 was purged with N2
gas and anhydrous THF (29 mL) was added. The solution of S8 was added slowly over
the course of 15 min to the mixing LAH slurry. Upon completion of the reaction, as
monitored by TLC, of the addition the ice bath was removed and the reaction was
allowed to mix at room temperature for 2 h. The reaction was then quenched with ice
water and extracted 3 times with CH2Cl2. The CH2Cl2 was rinsed with brine, dried over
Na2SO4, and filtered. The CH2Cl2 was removed in a rotary evaporator and the crude
was purified using column chromatography (SiO2, 25% v/v EtOAc/hexanes) to yield a
white solid. Yield 4.37 g (92%). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 7.81 – 7.70
(m, 3H), 7.45 (d, J = 16.3 Hz, 1H), 7.36 (d, J = 15.8 Hz, 1H), 7.13 (s, 1H), 4.83 (d, J =
6.5 Hz, 2H), 3.97 (s, 3H), 2.49 (d, J = 19.9 Hz, 1H).

13

C NMR (101 MHz, CDCl3, 25 oC)

δ (ppm) 156.03, 134.23, 130.61, 128.79, 127.78, 127.64, 126.56, 126.44, 124.05,
105.28, 77.16, 62.55, 55.48.
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3-Methoxy-2-naphthaldehyde (S10): Adapted from22. Pyridinium Chlorochromate,
PCC, (7.51 g, 34.8 mmol, 1.5 eq) and potassium acetate (3.42 g, 34.8 mmol, 1.5 eq)
were added to a 250 mL schlenk flask. The flask was purged with N2 gas as previously
mentioned. Then 3 g of activated molecular sieves were added. S9 was placed in a
separate schlenk flask and purged with N2 gas. Anhydrous CH2Cl2 was added to each
flask, 70 mL to the PCC flask and 35 mL to the second flask. The PCC solution was
cooled to 0 oC and the S9 solution was added dropwise to the PCC solution over 5
minutes as the solution turned brown. Upon completion of the addition of S9 the
reaction vessel was warmed up to room temperature and allowed to mix for 2 h. Upon
completion of the reaction all insoluble material was filtered off and rinsed with diethyl
ether. The CH2Cl2 and ether were combined and removed in a rotary evaporator. The
crude product was purified by column chromatography (SiO 2, 40% v/v EtOAc/hexanes)
to yield a yellow solid. Yield 3.79 g (88%). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm)
10.58 (s, 1H), 8.36 (s, 1H), 7.88 (d, J = 9.0 Hz, 1H), 7.74 (d, J = 9.1 Hz, 1H), 7.54 (t, J =
8.2 Hz, 1H), 7.38 (t, J = 8.1 Hz, 1H), 7.19 (s, 1H), 4.03 (s, 3H).

13

C NMR (101 MHz,

CDCl3, 25 oC) δ (ppm) 190.42, 157.76, 137.68, 131.14, 130.07, 129.36, 127.91, 126.75,
125.77, 124.79, 106.50, 77.16, 55.79.

45

3-Methoxy-2-naphthaldehyde (S11): Adapted from22. S10 (2.76 g, 14.82 mmol, 1.0
eq) was placed in a 50 mL 2 neck flask and purged with N2 gas. Anhydrous CH2Cl2
(27.4 mL) was added to the flask. A 100 mL schlenk flask was purged with N2 3 times
before the addition of BBr3 (1.69 mL, 17.78 mmol, 1.2 eq). Anhydrous CH2Cl2 (27.8 mL)
was added to the BBr3 flask, which was then cooled to 0 oC. The solution of S10 was
then added slowly to the BBr3 solution over 5 minutes. Upon completion of the addition
the flask was warmed to room temperature and stirred for one hour. The reaction was
quenched with 150 mL of saturated NaHCO3. The CH2Cl2 was collected and the
aqueous phase was extracted with EtOAc 3 times. The combined organic phases were
rinsed with brine, dried over Na2SO4, and filtered. The organic solvent was removed
with a rotary evaporator and the crude product was purified using column
chromatography (SiO2, 30% v/v EtOAc/hexanes) resulting in a bright yellow solid. Yield
2.21 g (87 %). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 10.33 (s, 1H), 10.08 (d, J =
0.6 Hz, 1H), 8.14 (s, 1H), 7.89 – 7.84 (m, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.56 (d, J = 16.5
Hz, 1H), 7.38 (d, J = 16.3 Hz, 1H), 7.28 (s, 1H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ

(ppm) 196.80, 155.96, 138.33, 137.99, 130.41, 129.50, 127.54, 126.82, 124.55, 122.43,
112.07.
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2-(3-hydroxynaphthalen-2-yl)-1-phenyl-(5,10-dibromophenanthro[9,10-d]imidazole
(S12): Adapted from (15). S5 (1.00 g, 2.73 mmol, 1.0 eq) was added to a 50 mL schlenk
flask with ammonium acetate (1.05 g, 13.66 mmol, 5.0 eq). The system was purged with
N2 gas three times. Then acetic acid (13.7 mL) was added to the vessel followed by
aniline (0.50 mL, 5.45 mmol, 2.0 eq) and S11 (0.47 g, 2.73 mmol, 1.0 eq). The reaction
vessel was then heated to reflux for 12 h. Upon cooling to room temperature the
reaction was quenched with water and the resulting precipitate was collected via
vacuum filtration and rinsed with water. The brown solid was dissolved in CH2Cl2 and
rinsed once with brine, then passed through a silica plug with hot CH2Cl2. The CH2Cl2
was then removed in a rotary evaporator and the residue was recrystallized from ethyl
acetate resulting in a light cocoa colored solid. Yield 0.830 g (51 %). 1H NMR (400 MHz,
CDCl3, 25 oC) δ (ppm) 13.15 (s, 1H), 8.82 (d, J = 2.1 Hz, 1H), 8.52 (d, J = 9.0 Hz, 1H),
8.45 (d, J = 8.9 Hz, 1H), 7.91 – 7.87 (m, 1H), 7.83 (t, J = 7.6 Hz, 2H), 7.74 (dd, J = 8.8,
2.2 Hz, 1H), 7.69 – 7.66 (m, 2H), 7.64 – 7.59 (m, 2H), 7.43 (s, 1H), 7.37 (d, J = 16.3 Hz,
1H), 7.26 (s, 1H), 7.15 (d, J = 11.7 Hz, 3H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ (ppm)

155.51, 148.75, 138.56, 135.23, 134.63, 131.38, 131.23, 129.72, 129.05, 128.86,
128.59, 127.86, 127.84, 127.78, 127.22, 126.94, 126.80, 126.80, 125.98, 125.78,
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125.42, 125.04, 124.11, 123.81, 123.46, 122.46, 121.39, 114.94, 111.96. HRMS
(DART-TOFMS) m/z calculated for C31H17Br2N2O [M-H]–: 592.9693 found 592.9628.

Bis(2-ethylhexy)-4,4’-(2-(3-hydroxynaphthalen-2-yl)-1-phenyl-(5,10dibromophenanthro[9,10-d]imidazole)dibenzoate (S13): S12 (1.10 g, 1.85 mmol, 1.0
eq) was added to 50 mL schlenk flask followed by: S4 (1.49 g, 5.37 mmol, 2.9 eq), CsF
(1.69 g, 11.11 mmol, 6.0 eq), and Pd(dppf)Cl2 (0.098 g, 0.12 mmol, 0.065 eq). The
vessel was purged with N2 three times and anhydrous dioxane (24.7 mL) was added.
The system was heated to reflux for 10 h and then cooled to room temperature. The
reaction was quenched with water and extracted with CH 2Cl2. The combined organic
layers were rinsed once with water and brine, then dried over Na2SO4. The CH2Cl2 was
removed using a rotary evaporator and the crude was subjected to column
chromatography (SiO2, 0 - 40 % v/v CH2Cl2/hexanes), where the column was pretreated
with 3% v/v TEA in hexanes, to yield a yellow wax. Yield 1.29 g (77.2 %). 1H NMR (400
MHz, CDCl3, 25 oC) δ (ppm) 8.79 (d, J = 2.0 Hz, 1H), 8.63 (d, J = 9.0 Hz, 1H), 8.56 (d, J
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= 8.9 Hz, 1H), 8.15 (d, J = 8.5 Hz, 2H), 7.98 (d, J = 8.5 Hz, 2H), 7.86 – 7.78 (m, 4H),
7.72 (d, J = 28.6 Hz, 3H), 7.59 (d, J = 8.5 Hz, 3H), 7.34 (d, J = 26.3 Hz, 3H), 7.26 (s,
1H), 7.24 (s, 1H), 7.19 (s, 1H), 7.06 (s, 2H), 4.34 – 4.26 (m, 4H), 1.79 (m, 2H), 1.36 (s,
16H), 1.05-0.97 (m, 12H). 13C NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 166.69, 166.59,
155.53, 148.10, 144.59, 144.18, 139.30, 138.81, 137.30, 135.08, 135.06, 131.19,
130.82, 130.27, 130.08, 129.73, 129.58, 129.24, 128.91, 128.52, 127.78, 127.70,
127.58, 127.53, 127.25, 126.76, 126.60, 126.20, 125.87, 125.11, 125.00, 124.13,
124.10, 123.32, 122.84, 120.70, 119.62, 115.03, 111.75, 67.65, 67.57, 39.13, 39.07,
30.81, 30.75, 29.19, 29.16, 24.23, 24.17, 23.19, 23.16, 14.27, 14.24, 11.32, 11.26.
HRMS (DART-TOFMS) m/z calculated for C61H59N2O5 [M-H]-: 899.4430, found
899.4226.

4,4’-(2-(3-hydroxynaphthalen-2-yl)-1-phenyl-(5,10-dibromophenanthro[9,10d]imidazole)dibenzoic acid (R linker): Dissolved S13 (1.29 g, 1.43 mmol, 1.0 eq) in
THF (95.3 mL). 5M KOH in methanol (14.3 mL, 71.5 mmol, 50 eq) was added to the
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THF solution and then heated to reflux for 4 h. The solvent was removed in a rotary
evaporator and the residue was dissolved in water. The solution was quenched using
3M H2SO4 and the resulting yellow solid was collected via vacuum filtration, and rinsed
with water and cold methanol. Yield 0.95 g (98%). 1H NMR (400 MHz, DMSO-d6, 25 oC)
δ (ppm) 9.10 (dd, J = 11.0, 8.9 Hz, 2H), 8.99 (d, J = 2.1 Hz, 1H), 8.13 (m, 5H), 8.03 (dd,
J = 8.7, 1.9 Hz, 1H), 7.98 – 7.92 (m, 3H), 7.84 – 7.79 (m, 2H), 7.76 – 7.67 (m, 4H), 7.64
(d, J = 8.2 Hz, 1H), 7.51 – 7.42 (m, 4H), 7.32 – 7.21 (m, 2H).

13

C NMR (101 MHz,

DMSO-d6, 25 oC) δ (ppm) 167.15, 166.96, 154.05, 154.03, 149.27, 143.74, 143.18,
137.97, 137.92, 136.61, 136.05, 134.84, 130.83, 130.23, 130.17, 129.93, 129.88,
128.94, 127.96, 127.64, 127.33, 127.17, 127.09, 126.90, 126.61, 126.41, 125.78,
125.63, 125.06, 125.04, 124.61, 123.86, 123.42, 122.73, 119.77, 119.14, 118.74,
109.60. HRMS (DART-TOFMS) m/z calculated for C45H27N2O5 [M-H]-: 675.1926, found
675.1796.
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Figure 9. Synthetic scheme of G link, starting from 9,10-phenanthraquinone with yields indicated inside
boxes. This scheme is a divergent scheme from the synthesis of R and B.
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4-hydroxy-[1,1'-Biphenyl]-3-carboxaldehyde (S14): 5-bromo salicylaldehyde (1.50 g,
7.46 mmol, 1.0 eq) was added to a 100 mL schlenk flask with phenyl boronic acid (1.09
g, 8.95 mmol, 1.2 eq), K2CO3 (3.09 g, 22.39 mmol, 3.0 eq), and Palladium (II) bis(triphenylphosphine) dichloride (0.262 g, 0.37 mmol, 0.05 eq). The system was purged
with N2 gas three times. Meanwhile a 1:1 (v:v) mixture of water and THF was degassed
by bubbling with nitrogen gas. Then THF:Water (50 mL) was added to the vessel
followed. The reaction vessel was then heated to 60oC for 12 h. The reaction was
quenched with water and extracted with CH2Cl2. The combined organic layers were
rinsed once brine and then dried over Na2SO4. The CH2Cl2 was removed using a rotary
evaporator and the crude was subjected to column chromatography (SiO 2, 0 - 10 % v/v
EtOAc/hexanes) to yield a yellow solid. Yield 1.09 g (74.1 %).

1

H NMR (400 MHz,

CDCl3, 25 oC) δ (ppm) 11.01 (s, 1H), 9.98 (d, J = 0.6 Hz, 1H), 7.79 – 7.75 (m, 2H), 7.57
– 7.54 (m, 2H), 7.49 – 7.44 (m, 2H), 7.39 – 7.34 (m, 1H), 7.11 – 7.06 (m, 1H).13C NMR
(101 MHz, CDCl3, 25 oC) δ (ppm) 196.79, 161.11, 139.47, 135.88, 133.46, 132.00,
129.12, 127.53, 126.73, 120.85, 118.27, 77.16.
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2-(4-hydroxy-[1,1’-biphenyl]-3-yl)-1-phenyl-(5,10-dibromophenanthro[9,10d]imidazole (S15): Adapted from (15). S5 (1.93 g, 5.27 mmol, 1.0 eq) was added to a
100 mL 2 neck flask with S14 (1.05 g, 5.27 mmol, 1.0 eq). The system was purged with
N2 gas three times. Then acetic acid (13.7 mL) was added to the vessel followed by
aniline (0.50 mL, 5.45 mmol, 2.0 eq) and ammonium acetate (2.03 g, 26.37 mmol, 5.0
eq). The reaction vessel was then heated to reflux for 12 h. Upon cooling to room
temperature the reaction was quenched with water and the resulting precipitate was
collected via vacuum filtration and rinsed with water. The green solid was dissolved in
CH2Cl2 and rinsed once with brine, then passed through a silica plug with hot CH2Cl2.
The CH2Cl2 was then removed in a rotary evaporator and the residue was triturated
from acetone, with water resulting in a light yellow solid. Yield 1.57 g (48 %). 1H NMR
(400 MHz, CDCl3, 25 oC) δ (ppm) 8.80 (d, J = 2.1 Hz, 1H), 8.50 (d, J = 9.0 Hz, 1H), 8.45
(d, J = 8.9 Hz, 1H), 7.90 – 7.79 (m, 3H), 7.74 (dd, J = 8.9, 2.2 Hz, 1H), 7.69 – 7.65 (m,
2H), 7.59 (dd, J = 8.9, 2.0 Hz, 1H), 7.50 (dd, J = 8.6, 2.3 Hz, 1H), 7.32 – 7.27 (m, 2H),
7.25 – 7.21 (m, 1H), 7.19 (dd, J = 8.5, 0.4 Hz, 1H), 7.13 (ddd, J = 6.2, 2.2, 0.4 Hz, 2H),
7.06 – 6.98 (m, 2H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 158.83, 149.13,

140.16, 138.80, 134.32, 131.45, 131.03, 130.99, 129.76, 129.60, 129.07, 128.67,
127.65, 127.12, 126.95, 126.73, 126.71, 126.62, 126.25, 125.72, 125.36, 125.12,
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124.99, 123.95, 123.78, 122.39, 121.35, 118.64, 112.81. HRMS (DART-TOFMS) m/z
calculated for C33H19Br2N2O [M-H]–: 618.9849, found 618.9758

Bis(2-ethylhexy)-4,4’-(2-(4-hydroxy-[1,1’-biphenyl]-3-yl)-1-phenyl-(5,10dibromophenanthro[9,10-d]imidazole)dibenzoate (S16): S15 (0.04 g, 0.064 mmol,
1.0 eq) was added to 15 mL two neck flask followed by: S4 (0.052 g, 0.184 mmol, 2.9
eq), CsF (0.029 g, 0.193 mmol, 3.0 eq), and Pd(dppf)Cl2 (0.002 g, 0.003 mmol, 0.04
eq). The vessel was purged with N2 three times and anhydrous dioxane (1.29 mL) was
added. The system was heated to reflux for 18 h and then cooled to room temperature.
The reaction was quenched with water and extracted with CH2Cl2. The combined
organic layers were rinsed once with water and brine, then dried over Na2SO4. The
CH2Cl2 was removed using a rotary evaporator and the crude was subjected to column
chromatography (SiO2, 0 - 35 % v/v CH2Cl2/hexanes), where the column was pretreated
with 3% v/v TEA in hexanes, to yield a yellow wax. Yield 35.4 mg (59.0 %). 1H NMR
(400 MHz, CDCl3, 25 oC) δ (ppm) 8.97 (d, J = 2.0 Hz, 1H), 8.89 – 8.75 (m, 2H), 8.25 –
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8.20 (m, 2H), 8.09 – 7.94 (m, 5H), 7.94 – 7.75 (m, 6H), 7.52 (dd, J = 8.5, 2.3 Hz, 1H),
7.45 (d, J = 1.9 Hz, 1H), 7.37 (d, J = 8.4 Hz, 2H), 7.33 – 7.28 (m, 2H), 7.25 – 7.20 (m,
2H), 7.11 – 7.01 (m, 2H), 4.30 (ddd, J = 12.1, 5.7, 2.6 Hz, 4H), 1.83 – 1.73 (m, 2H), 1.53
– 1.31 (m, 16H), 1.05 – 0.91 (m, 12H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ (ppm)

166.74, 166.64, 158.83, 148.63, 144.79, 144.33, 140.21, 139.63, 139.04, 137.44,
134.96, 131.40, 130.92, 130.69, 130.39, 130.35, 130.13, 129.81, 129.64, 129.53,
129.35, 128.89, 128.68, 127.85, 127.54, 127.39, 126.69, 126.31, 126.22, 125.23,
125.11, 125.00, 124.26, 124.10, 123.03, 120.90, 119.64, 118.56, 113.07, 67.66, 67.59,
39.16, 39.10, 30.83, 30.77, 29.20, 29.17, 24.25, 24.19, 23.19, 23.17, 14.27, 14.24,
11.33, 11.28. HRMS (DART-TOFMS) m/z calculated for C63H61N2O5 [M-H]–: 925.4586,
found 925.4029.

4,4’-(2-(4-hydroxy-[1,1’-biphenyl]-3-yl)-1-phenyl-(5,10-dibromophenanthro[9,10d]imidazole)dibenzoic acid (G linker): Dissolved S16 (0.607 g, 0.655 mmol, 1.0 eq) in
THF (26.2 mL). 5M KOH in methanol (6.4 mL, 32.733 mmol, 50 eq) was added to the
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THF solution and then heated to reflux for 4 h. The solvent was removed in a rotary
evaporator and the residue was dissolved in water. The solution was quenched using
3M H2SO4 and the resulting yellow solid was collected via vacuum filtration, and rinsed
with water and cold methanol. Yield 0.457 g (99%). 1H NMR (400 MHz, DMSO-d6,
25 oC) δ (ppm) 9.07 (t, J = 9.1 Hz, 2H), 8.97 (d, J = 2.0 Hz, 1H), 8.17 – 8.09 (m, 5H),
8.03 (dd, J = 8.7, 1.8 Hz, 1H), 7.97 (d, J = 8.5 Hz, 2H), 7.93 (d, J = 8.2 Hz, 2H), 7.88 (s,
3H), 7.63 (dd, J = 8.6, 2.3 Hz, 1H), 7.53 (d, J = 2.2 Hz, 1H), 7.46 (d, J = 11.5 Hz, 3H),
7.39 – 7.34 (m, 2H), 7.30 (s, 3H), 7.10 (d, J = 8.6 Hz, 1H).

13

C NMR (101 MHz, DMSO-

d6, 45 oC) δ (ppm) 166.93, 166.74, 157.08, 148.60, 143.56, 142.93, 139.08, 138.33,
137.98, 136.51, 134.86, 130.67, 130.37, 130.03, 129.97, 129.90, 129.84, 129.72,
129.03, 128.90, 128.55, 127.92, 127.27, 127.12, 126.93, 126.55, 126.33, 126.18,
126.13, 125.55, 125.39, 124.79, 124.66, 123.76, 122.45, 119.54, 118.61, 117.31,
114.56, 39.52. HRMS (DART-TOFMS) m/z calculated for C47H29N2O5 [M-H]–: 701.7586,
found 701.1910.

Results and Discussion
The NF link was prepared from a simple synthetic scheme with commercially
available starting materials (Figure 6). A key step in this scheme is the formation of the
homocouple product, S2, as this step circumvents the low yielding and problematic
mono-suzuki coupling reaction that can plague other synthetic routes. The first step in
preparing NF starts from p-xylene, which undergoes a simple aromatic bromination.23 It
is important to note from Yang et al. that adding a catalytic amount of molecular iodine
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greatly increased the reaction rate and yielded S1. Following the aromatic bromination,
S1 was transformed into S2 via a Gilman intermediate.22 This multistep reaction first
starts with a lithium halogen exchange, which is then exposed to half an equivalent of
copper (I) cyanide. This allows for the formation of a Gilman-type complex where two
unique bromoxylene molecules are bound to the copper center with the cyanide moiety.
From this complex the desired product is obtained from a reductive elimination step,
which requires a stronger redox potential. To achieve this, bezoquinone is added to the
reaction mixture to oxidize the copper (I) center to a much more unstable copper (III)
state, forming the desired product S2 with copper (I) cyanide and hydroquinone byproducts, which are removed via a standard work up and column. S3 is then prepared
from readily available ethyl-4-carboxyphenylboronic acid in a Suzuki coupling reaction.
This step is easily purified via a recrystallization procedure found in the supplemental
information. Finally NF was prepared by cleaving the ethyl esters under alkaline
conditions, with a similarly simple work up procedure to afford a highly pure white solid,
the identity of which was confirmed via 1HNMR, 13CNMR, and mass spectrometry.
With the non-fluorescent link prepared, synthetic efforts were shifted to the
fluorophores. In this synthetic scheme (Figure 7-9), the creation of the fluorescent links
begins with 9,10-phenanthroquinone, which was brominated at room temperature to
prepare S5. Once S5 was prepared, the synthetic scheme diverges, but the following
steps are nearly identical, differing only by the different salicylaldehyde derivatives,
specifically salicylaldehyde for B, 5-phenylsalicylaldehyde for G, and a fused ring
derivative, 3-hydroxy-2-naphthaldeyhyde for R. Salicylaldehyde is commercially
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available,

whereas

the

last

two

derivatives

were

prepared

as

follows:

5-

phenylsalicylaldehyde was prepared from a simple Suzuki coupling between 5bromosalicylaldehyde and phenyl boronic acid, and 3-hydroxy-2-naphthaldehyde was
prepared following a literature procedure24 starting from 3-hydroxy-2-naphthoic acid. For
the synthesis of B, S5 was converted into the fluorescent core in a one pot reaction
with: aniline, salicylaldehyde, and ammonium acetate in acetic acid at reflux. The
resultant powder was purified via recrystallization from ethyl acetate to afford the
desired product, S6. S6 was then converted into the ester form of the link (S7) via a
Suzuki coupling reaction with (2-ethylhexyl)-4-carboxyphenyl boronic acid. This Suzuki
coupling reaction allows for the formation of the quarterphenyl ring back bone with the
fluorescent core covalently attached. The final step in preparation of B is the cleavage
of the alkyl esters, accomplished via alkaline conditions at elevated temperatures
resulting in the desired fluorophore as a yellow solid. Both G and R were prepared in a
similar manner with the only difference being the aldehyde utilized when preparing the
fluorescent core, which resulted in the synthesis of S15 and S16 for G and S12 and S13
for R.
The fluorescent cores of R, G, and B were all well studied in solution by Park et
al.15-16 but, after functionalization with the terminal phenyl rings, the photophysical
properties of the core could potentially be affected. Therefore, we studied the
fluorophores in solution in their ester forms (S7, S13, S16) due to the limited solubility of
the acid forms. The three fluorophore esters were dissolved in toluene (Figure 10a) to
study the ESPT properties of the functionalized dyes. Due to the lack of
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functionalization in S7, only blue emission is observed regardless of whether enol or
keto emission is being observed. In a similar case, S13 emits mainly red emission from
the keto form of the dye in a toluene solution. Due to the geometric requirements for the
proton transfer in the dye, it is possible that rotation of the phenolic ring system can
impede the proton transfer and result in enol emission. This effect can be observed in
the bimodal emission from S16, which emits both blue and green light in a dilute toluene
solution. To confirm that the emission observed was, in fact due, to an ESPT
mechanism, the same molecules were studied in an ethanol solution. By transitioning
from a non-polar solvent to a polar protic solvent, the proton transfer from the phenolic
ring to the imidazole ring can be inhibited. This inhibition would result in an increase in
enol emission. Dissolving the fluorophore esters in ethanol confirmed that this is, in fact,
the observed phenomenon for all three molecules (Figure 10b). While the red emitter
still presents with some keto emission, it is greatly reduced and the enol emission is
identical to that of the green and blue emitters.
Further measurements of the fluorophore esters dissolved in toluene (Table 1)
gave insight into how the aromatic functionalization affects the change in the apparent
Stokes shift, as well as other key photophysical properties. The first notable feature is
that the lifetimes of the molecules are relatively similar, ranging from 5.5 to 8 ns. This
indicates that all three molecules fluoresce via a similar pathway, i.e. the ESPT
mechanism, due to their similar molecular structure. While the lifetimes were relatively
similar, a stark difference exists in the quantum yields of the three fluorophores: the total
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Figure 10. a) Emission of the red, green, and blue fluorophore esters in a toluene solution observing both
enol and keto emission. b) Emission of the red, green, and blue fluorophore esters in an ethanol solution
observing mainly enol emission due to the proton transfer being inhibited by the solvent.
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Table 1. Numerical figures of merit of the three fluorophore esters (S7, S16, S13) in a dilute toluene
solution.
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emission efficiency decreases with apparent Stokes shift. These drastic changes can be
interpreted and understood by calculating the rate constant of both the radiative and
non-radiative pathways for each molecule. The rate constant of radiative relaxation, k r,
were calculated by dividing the quantum yield by the lifetime (in seconds). It was
observed that the rate constant decreased with an increase in apparent Stokes shift,
most likely due to the larger electronic rearrangement from B to G to R. This was
confirmed when calculating the rate constant of non-radiative relaxation (knr), or the
number of events per time that do not result in fluorescence. This value was found by
dividing the difference between 1 and the quantum yield by the lifetime, k nr =

1−𝛷
𝜏

. This

event is much less frequent in B, but relatively similar in G and R. These trends indicate
how changes in the electronic density around the phenolic ring system result in a
greater number of non-radiative pathways with increased apparent Stokes shift that
hinder the emission (observed as decreases in the quantum yield). These findings
should aid in the understanding of more complex phenomena observed in the solidstate samples.
With the complete synthesis for the three target molecules, large scale production
of each was completed to allow for each compound to be incorporated into a variety of
MTV-MOFs. Moving forward, we looked to apply the previously mentioned SSS
approach to these fluorophores with a non-fluorescent MOF matrix and study how this
system would behave compared to a liquid solution, with respect to the emissive
properties.
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CHAPTER 3. SOLID STATE MULTICOLOR EMISSION IN
SUBSTITUTIONAL SOLID SOLUTIONS OF METAL-ORGANIC
FRAMEWORKS

Reproduced with permission from W. J. Newsome, A. Ayad, J. Cordova, E. W.
Reinheimer, A. D. Champiglia, J. K. Harper, K. Hanson, F. J. Uribe-Romo, J. Am.
Chem. Soc., 2019, 141, 11298-11303. Copyright 2020 American Chemical Society.

Introduction
Incorporation of multiple fluorescent dyes into a substitutional solid solution (SSS) of
multivariate

metal-organic

frameworks

requires

a

controllable

and

symmetric

environment, which can be achieved by utilizing a MOF which follows the previously
described selection rules. The ESPT dyes chosen contained a quarterpheny back bone
and as such a structural link, NF, was synthesized to meet the length requirement of the
functional links. An added benefit of utilizing this link is the MOF structure formed is a
highly stable and symmetric PPPP-PIZOF MOF structure. This structure meets the
requirements, aforementioned in chapter 1, for the space group of the MOF and the
modular approach of its crystallization were the MOF formed has a cubic structure, Fd3m Figure 25, with a simple set of synthetic conditions which can be applied to a
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multitude of links requiring little optimization. This MOF crystalizes as Zr6O4(OH)4NF6
with an interwoven crystal structure resulting in close proximity of the organic links and
a non-polar environment around the functional link, due to the hydrocarbon nature of the
structural link. This non-polar environment is idea for these ESPT dyes due to their
propensity to hydrogen bonding to polar solvents resulting in a loss of desired
properties. With the organic links and MOF structure fulfilling a majority of the design
rules it will be possible to study the properties of the functional dyes in the solid state
and allow a comparison to the same dyes in solution.
Experimental
Single crystal X-ray diffraction was performed using a Rigaku XtaLAB
diffractometer, using CuKα radiation at 100 K. structure solution and least square
refinaments were performed in SHELXL. Due to the resolution of the data, the carbons
in the central rings were not located accurately. Crystal Models were constructed in
Materials Studio Modeling Suit (v 8.0, BIOVIA Software Inc. San Diego CA 2014)
utilizing the experimental crystal data as a starting point. Geometry optimizations were
performed in the Forcite module utilizing the universal force field (UFF).
Powder X-ray diffraction measurements were performed using a Rigaku Miniflex
600 diffractometer, with θ - 2θ Bragg-Brentano geometry, and a 600 W (40 kV, 15 mA)
Cu X-ray tube source using Kα (λ = 1.5418 Å) radiation. Samples were measures from
3 to 80 2θ-degrees with a step size of 0.02º and a scan rate of 1.5 s per step. Samples
were prepared by dropping the powder sample in a Si zero background plate and
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pressing the powder with a razor blade spatula till smooth. Measurements were
performed under spinning. Rietveld refinement was processed in GSAS II.
N2 gas adsorption isotherm analysis was performed using a Micromertics ASAP
2020 porosimetry analyzer. The measurements was performed at 77 K. Mass spectra
were recorded on a JEOL (Toyko, Japan) AccuTOF-LP 4G™, model JMS-T100LP
mass spectrometer (JMS-4000LC) coupled with an IonSense (Peabody, MA) DARTSVP® ionization source. Helium gas was used as the DART ionization gas at a flow rate
of approximately 3.6 L/min. The gas temperature was maintained at 500 °C. The needle
electrode potential and exit grid voltage were held at 2 kV and 250 V, respectively, for
the positive ionization mode. Fourier-transform infrared spectra were recorded using a
Perkin Elmer Spectrum ONE Universal FT-IR ATR. A total of 32 transients were
collected for each sample with a resolution of 0.05 cm-1 between 4000-650 cm-1.
Steady-state emission spectra were collected using an Edinburgh FLS980
fluorescence spectrometer at room temperature. A housed 450 W Xe lamp/single
grating (1800 lines/mm, 250 nm blaze) Czerny–Turner monochromator was used as an
output to excite the samples. Emission from the sample was passed through a single
grating (1800 lines/mm, 500 nm blaze) Czerny–Turner monochromator and then
detected by a Peltier-cooled Hamamatsu R928 photomultiplier tube. Solution state
emission samples were contained in a 1 × 1 cm special optical glass cuvette. Solid state
emission samples were sandwiched between two 2 x 2 cm glass slides and placed at a
~45 degree angle relative to the incident excitation source.

68

Time-resolved emission traces were monitored by using the FLS980’s timecorrelated single-photon counting capability (1024 channels; 200 ns window) with data
collection for 10,000 counts. Excitation was provided by an Edinburgh EPL-360
picosecond pulsed diode laser (360 ± 10 nm, 892 ps FWHM) operated at 10 MHz.
Emission from the sample was passed through a single grating (1800 lines/mm, 500 nm
blaze) Czerny-Turner monochromator (0.75 nm bandwidth) and finally detected by a
peltier-cooled Hamamatsu R928 photomultiplier tube. Kinetics were fit with a single
exponential function by using Edinburgh software package. Samples were the same as
described for steady-state emission measurements.
Solid state absorption spectra were recorded at room temperature through
synchronous scans in an integrating sphere incorporated into the Edinburgh FLS980
fluorescence spectrometer while maintaining a 1 nm interval between the excitation and
emission monochromators.
Absolute Emission quantum yields were acquired using a Quantaurus Absolute PL
Quantum Yield Spectrometer (Hamamatsu). Liquid samples were prepared in toluene
with an A < 0.1 in a 1 cm cuvette) and then transfer to a 12.5 cm long, 0.8 cm diameter
quartz tube with a round bottom and a rubber septa cap for data acquisition. A similar
tube was used as a reference with the same volume of toluene for solutions, or air for
solids. Samples and reference were excited with 360 nm light and the excitation and
emission intensities recorded at 1 nm step intervals from 340 to 900 nm. Quantum
yields were then calculated using the De Mello method.1 Emission quantum yields were
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reproducible to within ±1% across several different measurements and at least three
independently prepared samples.
Synthesis of Zr6O4(OH)4[NF]6 (NF MOF)
Adapted from (13). NF linker (25 mg, 0.055 mmol, 1.0 eq) was added to a borosilicate
glass tube, followed by ZrCl4 (14 mg, 0.061 mmol, 1.1 eq), anhydrous DMF (3.1 mL),
and acetic acid (0.603 mL, 10.54 mmol, 190 eq). The tube was immersed in an ultrasonication bath for 5 min. The tube was then flash frozen in liquid nitrogen, evacuated to
a pressure of 150 mTorr, flame sealed, and then placed in a 120 oC oven for 5 days.
The tube was cooled to room temperature and immersed in an ultrasonication bath for a
few seconds to release crystals from the walls. The tube was then cracked open and
the solids were collected via filtration, rinsed with DMF and CH2Cl2, and immersed in
DMF for 48 h, replacing the solvent after 24 h, then the DMF was decanted off and
replaced with CH2Cl2 for 24 h. After solvent exchange, the solvent was decanted off and
dried under reduced pressure (50 mtorr) at room temperature for 12 h resulting in a
white crystalline solid.
Synthesis of Zr6O4(OH)4[BxNF1-x]6 powder (BxNF1-x MOF)
A stock solution of B linker was prepared at 1.8 mM with anhydrous DMF. B linker (3.43
mL, 6.2 µmol, 0.1 eq) and NF linker (25 mg, 0.055 mmol, 0.9 eq) were added to a
borosilicate glass tube. ZrCl4 (18 mg, 0.077 mmol, 1.1 eq) and anhydrous acetic acid
(670 µL, 11.72 mmol, 190 eq) was added and the tube was flame sealed and mixed in a
vortex mixer to insure homogeneity. The tube was placed in a 120 oC oven for 5 days.
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The MOF was collected by vacuum filtration and rinsed with DMF and CH 2Cl2. The MOF
were submerged in DMF for 48 h, replacing the DMF halfway through the soaking
process and then the DMF was replaced with DCM for 24 h. The MOF was then
exposed to ultrahigh vacuum, 25 mTorr. Yield = 31.2 mg FTIR – (𝑣̃ cm-1) 3008, 1648,
1589, 1540, 1407, 1176, 1016, 862, 712, 643.
Synthesis of Zr6O4(OH)4[GxNF1-x]6 powder (GxNF1-x MOF)
A stock solution of G linker was prepared at 1.8 mM with anhydrous DMF. G linker (3.43
mL, 6.2 µmol, 0.1 eq) and NF linker (25 mg, 0.055 mmol, 0.9 eq) were added to a
borosilicate glass tube. ZrCl4 (18 mg, 0.077 mmol, 1.1 eq) and anhydrous acetic acid
(670 µL, 11.72 mmol, 190 eq) was added and the tube was flame sealed and mixed in a
vortex mixer to insure homogeneity. The vial was placed in a 120 oC oven for 5 days.
The MOF was collected by vacuum filtration and rinsed with DMF and CH 2Cl2. The MOF
were submerged in DMF for 48 h, replacing the DMF halfway through the soaking
process and then the DMF was replaced with DCM for 24 h. The MOF was then
exposed to ultrahigh vacuum, 25 mTorr. Yield = 26.3 mg FTIR – (𝑣̃ cm-1) 3004, 1651,
1588, 1540, 1406, 1182, 1010, 862, 713, 640.
Synthesis of Zr6O4(OH)4[RxNF1-x]6 powder (RxNF1-x MOF)
A stock solution of R linker was prepared at 1.8 mM with anhydrous DMF. R linker (3.43
mL, 6.2 µmol, 0.1 eq) and NF linker (25 mg, 0.055 mmol, 0.9 eq) were added to a
borosilicate glass tube. ZrCl4 (18 mg, 0.077 mmol, 1.1 eq) and anhydrous acetic acid
(670 µL, 11.72 mmol, 190 eq) was added and the tube was flame sealed and mixed in a
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vortex mixer to insure homogeneity. The tube was placed in a 120 oC oven for 5 days.
The MOF was collected by vacuum filtration and rinsed with DMF and CH 2Cl2. The MOF
were submerged in DMF for 48 h, replacing the DMF halfway through the soaking
process and then the DMF was replaced with DCM for 24 h. The MOF was then
exposed to ultrahigh vacuum, 25 mTorr. Yield = 21.9 mg FTIR – (𝑣̃ cm-1) 3007, 1591,
1540, 1408, 1177, 889, 860, 712, 645.
Synthesis of low concentration B/G/R/NF MOF (BxNF1-x) with x= 0.01 and 0.001
A similar procedure to the above methods was used, but different stoichiometric
volumes of the previously prepared 1.8 mM solution of the fluorophores added to the
reaction mixture.
Synthesis of Zr6O4(OH)4[(RxG1-2xBx)yNF1-y]6 Powder ((RxG1-2xBx)yNF1-y MOF)
Varied ratios of B, G, and R linker solutions were mixed with NF linker similar to
previously mentioned procedures, see Table 6 for complete input/output values.
Example x = 0.33 and y = 0.1, B linker (1.13 mL, 2.0 µmol, 0.033 eq), G linker (1.13 mL,
2.0 µmol, 0.033 eq), R linker (1.13 mL, 2.0 µmol, 0.033 eq), and NF linker (25 mg, 0.055
mmol, 0.9 eq) were added to a borosilicate glass tube. ZrCl4 (18 mg, 0.077 mmol, 1.1
eq) and anhydrous acetic acid (670 µL, 11.72 mmol, 190 eq) was added and the tube
was flame sealed and mixed in a vortex mixer to insure homogeneity. The tube was
placed in a 120 oC oven for 5 days. The MOF was collected by vacuum filtration and
rinsed with DMF and CH2Cl2. The MOF were submerged in DMF for 48 h, replacing the
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DMF halfway through the soaking process and then the DMF was replaced with CH2Cl2
for 24 h. The MOF was then exposed to ultrahigh vacuum, 25 mTorr.
Results and Discussion
To probe multicolor emission in MTV-MOFs we applied an SSS approach to the
aforementioned zirconium MOF, utilizing the previously prepared phenanthroimidazolebased ESPT dyes. Crystalline single fluorophore MOFs of NF with R, G, or B produced
solids

samples

with

formulas

Zr6O4(OH)4[RxNF1-x]6,

Zr6O4(OH)4[GxNF1-x]6,

and

Zr6O4(OH)4[BxNF1-x]6 with substitutional input x values between 0.10 and 10 mol% (See
SI for methods). For simplicity, samples with a single fluorophore will be referred to as
x%-fluorophore, i.e., 10%-B, 10%-G, and 10%-R for MOFs with a 10% fluorophore
input. All samples were prepared utilizing solvothermal MOF crystallization conditions 2
and exhibited the same powder X-ray diffraction (PXRD) pattern of the pure NF MOF
(Figure 11a). Predictable and adjustable linker incorporation was demonstrated from the
synthetic input/structural output plot shown in Figure 11b with output composition values
determined by solution 1H NMR of digested MOF samples (Section S6). Attempts to
prepare MOFs with higher fluorophore content (>10 mol%) were unsuccessful,
producing amorphous, non-porous solids with inconsistent fluorophore content. This
observation indicates that the MOF matrix has a limited tolerance for sterically crowded
links. Furthermore, it also suggests that it is unlikely that a mix-phase MOF composite is
formed (e.g., clustered RGB MOF crystals mixed with pure NF MOF crystals).
Regarding the homogeneity of the fluorescent links in the SSS, previous work on high-
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Figure 11. a) Powder X-ray diffraction (PXRD) patterns of NF and RGB-containing MOFs, indicating their
isoreticular nature. b) Substitutional input-output plot for 3 sets of single fluorophore MOFs with x in
mol%.
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symmetry MTV MOFs has shown that the distribution of the MTV links is highly
dependent on the dilution range of the dopant link., In our case, high fluorophore dilution
likely results in MOF with homogeneous distribution,3 with the 10 mol% MOFs
potentially forming alternating apportionments.4 Further studies using multidimensional
solid-state NMR on isotopically enriched MOFs will provide this information.
Nonetheless, consistent and reproducible fluorescence was observed in the bulk,
indicating little effect from the links distribution.
Despite having similar absorption profiles (Figure 26), upon excitation at 365 nm,
MOFs made with 10%-R, 10%-G, and 10%-B, exhibit solid-state emission maxima at
430, 510, and 630 nm (Figure 12a), respectively, with relatively high color purity (Figure
12b). The emission profiles of these MOFs are drastically different than the neat solid
linkers (Figure 27). In contrast, the low energy keto emission in the MOFs closely
resembles that of the ester forms of the RGB links solvated in toluene (Figure 12a,
dashed lines), suggesting that the pore microenvironment of the MOF more closely
resembles the toluene-solvated, rather than neat solids of the linker.
The fluorophore mimics liquid-phase solution behavior in that the RGB links show
concentration dependent changes in the emission profiles for all three fluorophore
MOFs (Figure 13a-c). These changes are most notable in R and G containing MOFs,
where there is a gradual increase in the high energy enol emission with decreasing
concentration and a shift in the CIE (Commission Internationale de l'Eclairage)
chromaticity coordinates from the red and green regions towards the blue portion of the
diagram (Figure 28). For B and R, the spectral changes are accompanied by an
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Figure 12. a) Overlay of toluene-solvated fluorophore esters (compounds S7, S13, and S16, dashed
lines) and x = 10 mol% input single fluorophore MOFs (solid lines). b) CIE chromaticity coordinates of
prepared x = 10 mol% MOFs (open circles) and solvated ester links (closed circles), and optical image of
MOF powders and solvated links under UV light. c-e) Emission profiles of B, G, and R MOFs, respectively
at varied dilution (0.1 ≤ x ≤ 10 mol%) indicating their excited-state lifetimes and quantum yields (λex = 365
nm).
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Figure 13. a-c) Emission profiles of B, G, and R MOFs, respectively at varied dilution (0.1 ≤ x ≤ 10 mol%)
indicating their excited-state lifetimes and quantum yields (λex = 365 nm).
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emission lifetime and quantum yield increase from x = 10 to 1.0 mol% (Figure 13a and
13c, Table 4). These observations are consistent with an energy transfer event5 where
spectral overlap between enol emission and enol absorption inhibits the higher energy
light from exiting the solid. A similar effect can be observed in concentrated solutions
but is presumably greatly enhanced by the high local concentration of the fluorophores
in the MOF.6 Monitoring the excited state dynamics in the MOF using sub-nanosecond
transient absorption measurements will be necessary to definitively establish an energy
transfer mechanism. Regardless, the similarity in lifetime and quantum yield between
1.0%-B and 0.1%-B, as well as, 1.0%-R and 0.1%-R (Figure 13a and 13c) suggests
that the inner filtering effect is minimal at concentrations of x = 1.0 mol%. These
concentrations of fluorophore result in MOFs with quantum yields which are up to an
order of magnitude greater than previously prepared broadband emitting MOFs 7-9 and
are similar to the soluble ester forms of the linkers in a toluene solution (Table 3).
This dilution can be interpreted in terms of molar concentration of the links in the
MOF, since [links]max = 1.34 M (single crystal analysis of NF MOF evidences 48 links
per unit cell with a cell volume of 58,400 Å3, equivalent to 1.34 mollinks dm-3). As such,
10%-B, 1.0%-B, and 0.1%-B have molar concentrations of [B] = 134 mM, 13.4 mM, and
1.34 mM, respectively. These molarity values for 1.0%-B and 0.1%-B fall close to a
dilution range with reduced inner filtering, and the 10%-B resembles a concentrated
solution where the emission is dominated by this inner filtering.
Incorporation of two and three fluorophores resulted in MOFs that exhibit the
combined

emission

of

each

fluorophore.
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For

Zr6O4(OH)4(RxB1-x)yNF1-y,

Zr6O4(OH)4(GxB1-x)yNF1-y with y = 0.01, under 365 nm excitation, we observed a sum of
the individual components and a linear transition from R to B or G to B as x varies from
0.9 to 0.5 to 0.1 (Figure 14). The excitation-emission maps (Figure 29) as well as CIE
coordinate diagrams with respect to λex (Figure 28a) indicate that emission from the
mixed fluorophore systems are excitation wavelength independent. The additive nature
of the emission profiles and the wavelength independent CIE chromaticity coordinates
are consistent with minimal energy transfer in the y = 0.01 MOFs. Consequently,
selective color generation along these axes could be achieved by tuning the fluorophore
ratio.
The three-fluorophore system with a composition of Zr6O4(OH)4[(RxG1-2xBx)yNF1-y]6,
exhibited emission profiles that depend on the total fluorophore concentration y. As
expected for y = 0.10, the emission is strongly dependent on the excitation wavelength
(Figure 30-32) and generally dominated by yellow emission (R + G) with minimal high
energy

contribution

(B)

due

to

strong

inner

filter

effects.

For

the

Zr6O4(OH)4[(R0.33G0.33B0.33)0.10NF0.90]6 MOF (Figure 31 and Table 4), excited state
lifetimes for B (τ460 nm = 1.5 ns), G (τ560 nm = 1.8 ns), and R (τ660 nm = 1.9 ns) were similar
to that of 10%-R (τ660 nm = 1.5 ns) but notably shorter than for 10%-G (τ560 nm = 3.1 ns)
and 10%-B (τ460 nm = 5.7 ns). The similarity in lifetimes of the three peaks is symptomatic
of an energy transfer equilibrium condition where the collective emission decay kinetics
are dictated by the emitter with the fastest radiative decay rate (i.e., R).10 That is, B
energy transfer to R and G, G enol energy transfer to R and B, and R enol energy
transfer to G and B, with all these processes occurring in parallel. In contrast, an overall
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Figure 14. Two component SSS MOFs: (Top) Optical images of samples under λ ex = 365 nm indicating
their fluorophore composition, (middle) emission profiles with λ ex = 365 nm, and (bottom) CIE chromaticity
coordinates of mixtures of R and B (left), and mixtures of G and B (right).
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fluorescent link dilution to 1.0 mol%, Zr6O4(OH)4[(R0.33G0.33B0.33)0.01NF0.99]6, resulted in
lifetimes of 3.9, 2.6, and 1.6 ns for B, G, and R, respectively, more closely resemble the
single component systems with no energy transfer.
The excitation-emission maps (Figure 30) show a decrease in excitation
wavelength dependence, as seen in other dilute samples. At these lower concentrations
an increase in the enol emission is observed, most strongly for R, which results in
deviations from the linear trend in the CIE chromaticity coordinates (points L and M,
Figure

15).

Once

the

concentration

of

R

is

sufficiently

increased

Zr6O4(OH)4[(R0.4G0.2B0.4)0.01NF0.99]6 the low energy keto emission becomes predominant
(Figure 15, point N). This sample exhibits the combined broadband emission from RGB,
with CIE chromaticity coordinates close to the center of the white light region (0.31,
0.33), a quantum yield of 4.3%, and a correlating black-body temperature of 6480 K.
This temperature is nearly identical to that of natural daylight (6500 K) 11 and can be
adjusted based on the fluorophore concentration or the ratio of the fluorescent links. By
increasing the overall concentration of the fluorophores to 10% a warmer white light can
be achieved in Zr6O4(OH)4[(R0.4G0.2B0.4)0.10NF0.90]6 which has CIE chromaticity
coordinates of (0.43, 0.39) and a corresponding temperature of 3060 K. Additionally,
utilizing a two component system, taking advantage of the low concentration enol
emission from R, cool white light can be achieved in Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6
with CIE chromaticity coordinates of (0.29, 0.33) and a corresponding temperature of
7820 K (Figure 33). To our knowledge, this is the first example of crystalline bulk

81

Figure 15. Three component SSS MOFs: (Top) Optical images of samples under λ ex = 365 nm indicating
their fluorophore composition, (bottom left) emission profiles with λ ex = 365 nm, and (bottom right) CIE
chromaticity coordinates of each sample.
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materials whose fluorescent properties were adjusted following the dilution strategies
used in liquid phase fluorescence.
As a compliment to the CIE coordinates, the color rendering index (CRI) is a critical
parameter in describing how faithfully a light source represents the true color of an
object with a score of 100 being a source identical to standardized daylight. 12 The CRI
values for the above white light MOFs were calculated and the results are reported in
Table 5. Remarkably, sample N with formula Zr6O4(OH)4[(R0.4G0.2B0.4)0.01NF0.99]6
demonstrated a CRI of 93 and the two component R/G system with formula
Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6 had a CRI of 95. For context, typical fluorescent bulbs
are around 50 and white LEDs often score >80. 13 These results indicate that the mixed
emitter MOFs are capable of both tunable emission chromaticity, as well as accurate
color rendition.
All the MOFs synthesized are porous, stable to water, humidity, and up to 400 ºC
(Figure 115), and also completely composed of earth-abundant elements. For example,
10%-B and Zr6O4(OH)4[(R0.33G0.33B0.33)0.01NF0.99]6 have Brunauer–Emmett–Teller (BET)
surface areas of SBET = 1620 and 1600 m2 g-1 respectively (Table 7). Water stability in
10%-B was demonstrated by following changes in the diffraction pattern (Figure 80) and
BET surface area before and after exposure to water (Figure 80-81 and Table 7).
Furthermore, the long-shelf life of the materials was demonstrated by the lack of
changes in their PXRD even after 10 months of storage under laboratory conditions
(Figure 82 for 10%-B).
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Other methods utilizing metal-organic materials for preparation of solid-state
emission often bring significant drawbacks. For instance, Cu4I4 is a cluster used to
create emissive materials, which has become a growing field in recent years. These
materials offer similar quantum yields for pure colors, ca. 9%,14-15 but crystalize in low
symmetry, unpredictable space groups. The Cu4I4 cluster is less ridged compared to
the zirconium cluster, which results in cluster deformation when different ligands are
bound creating low symmetry complex crystal systems. 16-17 Other emissive materials
include MOFs where all the organic links in the framework are emissive fluorophores. 18
This results in unpredictable and inefficient fluorescence due to high inner filtering
effects present in the material. Impregnating MOFs with fluorescent guest dyes can
produce

multicolor

emission;19

however,

guest

diffusion

raises

questions

of

homogeneity and long-term stability of the materials. Other MOF-based emissive
materials utilize expensive rare-earth elements to achieve green and red fluorescence,
with quantum

yields

ranging from

2-50%;20-22

yet,

rare-earth elements

are

unsustainable, limiting their use as applied materials in the long term. 23 As such, the
MOFs and methodology presented herein offer: an ease of characterization due to the
high symmetry crystal system, tunable fluorophore concentration to achieve higher
quantum yields with less inner filtering, and using earth abundant elements.
Applying the concept of SSS to organic-based materials was accomplished using
high symmetry MOFs as matrices. This approach allows for circumvention of common
challenges associated with emissive MOFs including: high inner filtering effects that
cause complex emission, due to high fluorophore concentration, and high synthetic
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costs due to inclusion of lanthanides. This approach will further enable the ability to
study other similar organic-based molecular phenomena in solids, and can provide
organic-based SSS materials for high precision applications such as in photonic
devices, and high-definition displays.
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CHAPTER 4. J-DIMER EMISSION IN INTERWOVEN METAL-ORGANIC
FRAMEWORKS

Reproduced with permission from W. J. Newsome, A. Chakraborty, R. T. Ly, G. S. Pour,
D. C. Fairchild, A. J. Morris, F. J. Uribe-Romo, Chem. Soc., 2020, 11, 4391-4396.
Copyright 2020 Royal Publishing Society.

Introduction
The controlled organization of complex molecules in the crystalline solid-state can
produce materials with emergent, unexpected physical properties that result from the
synergistic interactions that occur between the molecules in the assembly. 1-3
Multivariate metal-organic frameworks (MTV MOFs)4 are materials that enable this type
of synthetic control, because they are made by the self-assembly of metal oxide units
with mixtures of organic links. What is unique about this mixture is that the links are
isostructural,5-6 and contain complex moieties that can be easily incorporated at varying
concentrations, resulting in isoreticular materials that behave like substitutional solidsolutions (SSS) of organic molecules. We previously demonstrated this concept, 7-8 by
incorporating highly fluorescent and redox active groups, allowing us to observe
changes in bulk physical properties directly related to the active link and its
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Figure 16. a) The assembly of interwoven MTV MOFs that contain a mix of structural and aggregateforming links, results in the apperance of fluorophore monomers (green) and π-π stacked dimers
(orange). b) Fluorophore dimers highlighted in the crystal structure of NNU-28 (top) and in a simplified
view (bottom). c) Simplified Jablonski diagram showing the energy split from the monomer to the dimer
states the two new high energy states represent excited states that can only be accessed with a given
dimer geometry, labeled as H and J states, for transitions which are allowed for an H- and J-dimer
respectively.
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concentration in the MOF. In contrast, crystalizing the organic components by
themselves into purely organic solid solutions (not within a MOF matrix), brings the
challenges that are associated with organic crystals, such as a lack of predictability in
structure and type of intermolecular interactions present, phase separation, and loss of
molecular properties.9-10
During our investigation on dilute fluorescent links in MTV MOFs made with
mixtures of fluorophore links, we found that the bulk fluorescence was dependent on the
concentration and ratio of such fluorophores.7 We observed that energy exchanges,
such as Förster resonance energy transfer (FRET) and self-absorption, occur as a
function of concentration and ratio of links, producing materials that fluoresce as a
combination of the used links. Utilizing π-rich fluorophores, particularly those that
contain polycyclic aromatic hydrocarbons (PAH) moieties, can take advantage of
fluorescence changes that result from π-π stacking, such as those observed in Jaggregates.11 In these aggregates, fluorescence shifts are the result of electronic
interactions between multiple emitters stacked in large oligomers suspended in solution.
A particular case of J-aggregates is when the aggregation is limited to dimers (n = 2),
whose emission features are highly dependent on concentration, typically in the dilute
range (below 1 mM). To date, J-dimer type emission is limited to solvated conditions,
and has no practical use due to the limitations in concentration.
In

the

following

study,

we

explored

the

effects

of

flat,

π-rich

Bis(phenylethynyl)anthracene fluorophore (Figure 16a, aggregate link) on the
photophysical properties of MTV MOFs because: 1) it is highly emissive, 12-14 2) in
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solution it forms aggregates,15-19 and 3) it has been previously used as a MOF linker in
a double interwoven MOF (NNU-28).20 We also chose a similar link that contains a
xylene core (Figure 1a, structural link), instead of the anthracene, that is highly soluble,
interacts poorly with itself (no fluorescent shifts), and forms a PIZOF-2 MOF type. Both
NNU-28 and PIZOF-2 MOFs have the same net (fcu) consisting of a double interwoven
structure, where two individual frameworks are mechanically interlocked inside each
other. This feature also produces isolated pairs of links that are in close contact
enabling their electronic interaction (Figure 16b). We found that a substitutional solid
solution of structural and aggregate links in an MTV MOF of NNU-28/PIZOF-2 results in
materials where the presence of J-dimers was observed over the entire solid-solution
range and that these spectral shifts directly correlate to the equilibrium link-link
interactions that occur during crystallization.
The most characteristic feature of J-dimer emission is the fluorescence shift that
arises from changes in the electronic structure of the fluorophore as a result of the π-π
stacking. According to the model proposed by Kasha in the dimer, 21 the HOMO and
LUMO levels of the monomer split into four new levels that have two favorably allowed
transitions (Figure 16c): A high energy H-band, observed through absorption; and a low
energy J-band, typically observed through emission. The observation of these bands
depend strongly on the orientation of the dye molecules, with selections rules that
exclude transitions when the molecules are head-to-head (H-aggregate, no J-process
observed) or head-to-tail (J-aggregate, no H-process observed). Intermediate
orientations result in both transitions being partially allowed.
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Experimental
All starting materials and solvents, unless otherwise specified, were obtained from
commercial sources (Aldrich, Fisher) and used without further purification. All reactions
were performed at ambient laboratory conditions, and no precautions were taken to
exclude oxygen or atmospheric moisture unless otherwise specified. Anhydrous N,Ndimethylformamide (DMF), Dichloromethane (CH 2Cl2), and Tetrahydrofuran (THF) were
purified using a custom-built alumina-column based solvent purification system
(Inovative Technology). Anhydrous MeOH and dioxane were obtained from Aldrich
(Sureseal). Et3N and iPr2NH were degassed by placing in a septum sealed RBF and
bubbled with N2 gas for 30 min before use. Deuterated solvents (CDCl3 and DMSO-d6)
were obtained from Cambridge Isotope Lab. K2CO3 was dried in a 120 oC oven for 24 h
prior to use.
High-resolution 1H, and

13

C nuclear magnetic resonance (NMR) spectra were

recorded using Bruker AVANCE-III 400 MHz spectrometer. The 1H chemical shifts are
given relative to tetramethylsilane as zero ppm, calibrated using the residual solvent
signal. Data processing was performed using MNova version 9.0.1.
Powder X-ray diffraction measurements were performed using a Rigaku Miniflex
600 diffractometer, with θ-2θ Bragg-Brentano geometry, and a 600 W (40 kV, 15 mA)
Cu X-ray tube source using Kα (λ = 1.5418 Å) radiation. Samples were measures with
spinning from 2.5 to 50 2θ-degrees with a step size of 0.02o and a scan rate of 1.5 s per
step. Samples were prepared by dropping the powder sample in a Si zero background
plate and pressing the powder with a razor blade spatula.
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Crystals simulations and calculated patterns were made with the Reflex module in
Materials Studio (v8.0, Biovia) starting with the CIF of PIZOF-2 (803459) and NNU-28
(1412713).
N2 gas adsorption isotherm analysis was performed using a Micromertics ASAP
2020 porosimetry analyzer. The measurements was performed at 77 K. Mass spectra
were recorded on an Agilent 6230 TOF LC-MS instrument with an Agilent Zorbax SBC18 analytical column.
The diffuse absorption spectra of TCPP and PCN-223(fb) were obtained using an
Agilent Technologies 8453 UV-vis diode array spectrophotometer (1 nm resolution)
where the sample compartment was replaced with an integration sphere. The powder
samples were diluted by mixing with BaSO4.
The steady-state emission spectra were obtained using a QuantaMaster Model
QM-200-4E emission spectrophotometer from Photon Technology, Inc. (PTI). The
excitation light source was a 75 W Xe arc lamp (Newport). The detector was a
thermoelectrically cooled Hamamatsu 1527 photomultiplier tube (PMT). Samples were
measured by sandwiching between two glass slides coated with grease. As a control
experiment, a blank sample (with just a glass slide coated with grease) was always run
(while measuring emission lifetime). Emission traces were analyzed using Origin 9.0.
Time-resolved fluorescence lifetimes were obtained via the time-correlated single
photon counting technique (TCSPC) with the same QuantaMaster Model QM-200-4E
emission spectrophotometer from Photon Technology, Inc. (PTI) equipped with a 415

93

nm LED and a Becker & Hickl GmbH PMH-100 PMT detector with time resolution of
<220 ps FWHM. Florescence lifetime decays were analyzed with the help of Origin 9.0.
Calculation of Dimerization Constant
To calculate the dimerization constant, KD, in solution, a sufficiently high dilution is
required to avoid the formation of trimers and larger aggregates. At these high dilutions
an equilibrium exists between the monomeric and dimeric species:
M+M ⇄D

(S1)

If C represents to total fluorophore concentration and M and D represent the
concentration of the monomer and dimer respectively, then:
𝐶 = 2𝐷 + 𝑀

(S2)

The dimerization equilibrium constant, can be written as:
𝐷

𝐾𝐷 = 𝑀2

(S3)

Rewriting (S2) in terms of M and then substituting into (S3) gives the following
equation:
𝐷

𝐾𝐷 = (𝐶−2𝐷)2

(S4)

(S4) can be rewritten as a quadratic function:
4𝐷 2 𝐾𝐷 − (4𝐾𝐷 𝐶 + 1)𝐷 + 𝐾𝐷 𝐶 2 = 0

(S5)

Using the quadratic formula D is found to equal the following:
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𝐷=

4𝐾𝐷 𝐶+1±√8𝐾𝐷 𝐶+1

(S6)

8𝐾𝐷

The mole fraction of dimer (𝜒𝐷 ) is represented as follows, replacing D with
equation (S6) results in an equation in terms of KD and C:
𝜒𝐷 =

2𝐷
𝐶

=

4𝐾𝐷 𝐶+1±√8𝐾𝐷 𝐶+1

(S7)

4𝐾𝐷 𝐶

Substituting (S4) into (S7) results in an equation with mole fraction of dimer in
terms of only the dimeric concentration and total concentration of the fluorophore:
2𝐷
𝐶

=

4𝐷2 +𝐶 2 ±𝐶 2 −4𝐷2

(S8)

4𝐷𝐶

From here the positive and negative values of C2 - 4D2 must be considered. By
solving both equations it is found that the positive term does not converge while the
negative term does. This results in the final equation (S9), as only one term will result in
a real answer.
𝜒𝐷 =

2𝐷
𝐶

=

4𝐾𝐷 𝐶+1−√8𝐾𝐷 𝐶+1

(S9)

4𝐾𝐷 𝐶

The measurable quantity when studying fluorescence is the λ max, and the change
in spectral shift, ∆λmax, is proportional to the mole fraction of dimer 22 using a scaling
factor, A, the following equation can be obtained and an experimental dimerization
constant can be solved using a non-linear least squares regression.
∆𝜆𝑚𝑎𝑥 = 𝐴𝜒𝐷 [𝐶, 𝐾𝐷 ]

(S10)
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Anthracene PEPEP ester (S1): Adapted from literature procedure.20 A 150 mL round
bottom flask was charged with 9,10-dibromoanthracene (2.00 g, 5.95 mmol, 1.0 eq),
hexyl 4-ethynyl-benzoate (3.02 g, 13.1 mmol, 2.2 eq), PdCl2(PPh3)2 (125 mg, 0.179
mmol, 0.03 eq), and CuI (68 mg, 0.36 mmol, 0.06 eq). The flask was evacuated and
backfilled with nitrogen thrice and charged with 15 mL of anhydrous THF and 45 mL of
degassed Et3N. Under nitrogen atmosphere, the reaction was heated to reflux, 90 oC,
for 48 h and then cooled to room temperature. The reaction was quenched with 1 M HCl
(50 mL) and diluted with 200 mL of water. The reaction mixture was extracted three
times with CH2Cl2, the combined organic layers were washed with 1 M HCl, water, and
brine. The organic layer was then dried over Na2SO4 and filtered. The crude mixture
was purified via column chromatography (SiO2, 40% v/v CH2Cl2/hexanes) affording S1
as a red powder (2.67 g, 71% yield). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 8.73 –
8.64 (m, 4H), 8.17 – 8.09 (m, 4H), 7.87 – 7.79 (m, 4H), 7.73 – 7.63 (m, 4H), 4.37 (t, J =
6.7 Hz, 4H), 1.85 – 1.75 (m, 4H), 1.47 (q, J = 7.1, 6.4 Hz, 4H), 1.43 – 1.32 (m, 8H), 0.97
– 0.90 (m, 6H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ 166.22, 132.28, 131.66, 130.40,
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129.81, 127.92, 127.27, 127.24, 118.53, 101.97, 89.38, 65.58, 31.63, 28.84, 25.87,
22.72, 14.17.

Anthracene PEPEP link (An): Adapted from literature procedure.20 A 50 mL round
bottom flask was charged with S1 (1.3 g, 2.5 mmol, 1.0 eq), Bu4NOH (5.13 mL, 7.5
mmol, 3.0 eq), and 28 mL of THF (0.09 M). The solution was stirred at room
temperature for 18 h. The solvent was then reduced using a rotary evaporator, the
residue was suspended in water and quenched with 7.7 mL of 1 M HCl. The red
precipitate was collected via vacuum filtration, rinsed with water and a small portion of
cold methanol. (1.1 g, 96% yield). 1H NMR (400 MHz, DMSO-d6, 25 oC) δ (ppm) 8.74 –
8.70 (m, 4H), 8.11 – 8.07 (m, 4H), 8.05 – 8.00 (m, 4H), 7.84 (dd, J = 6.7, 3.2 Hz, 4H).
13

C NMR (101 MHz, DMSO-d6, 25 oC) δ (ppm) 166.73, 131.80, 131.38, 131.10, 129.67,

127.97, 126.74, 126.35, 117.53, 102.13, 88.26.
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Xylene PEPEP ester (S2): Followed literature procedure.23 A 250 mL schlenk flask was
charged with 2,5-diiodoxylene (3.6 g, 10.1 mmol, 1.0 eq), hexyl 4-ethynyl-benzoate
(4.86 g, 21.1 mmol, 2.1 eq), PdCl2(PPh3)2 (212 mg, 0.302 mmol, 0.03 eq), and CuI (115
mg, 0.60 mmol, 0.06 eq). The flask was evacuated and backfilled with nitrogen thrice
and charged with 53 mL of degassed toluene and 27 mL of degassed diisopropylamine.
Under the nitrogen atmosphere the reaction was then heated to 50 oC for 18 h and then
cooled to room temperature. The reaction was quenched with 1 M HCl (60 mL) and
diluted with 200 mL of DI-water. The reaction mixture was extracted three times with
CH2Cl2, the combined organic layers were washed with 1 M HCl, water, and brine. The
organic layer was then dried over Na2SO4 and filtered. The crude mixture was purified
via column chromatography (SiO2, 40% v/v CH2Cl2/hexanes) affording S2 as a white
powder (4.34 g, 77% yield). 1H NMR (400 MHz, CDCl3, 25 oC) δ (ppm) 8.05 – 8.01 (m,
4H), 7.61 – 7.56 (m, 4H), 7.40 (s, 2H), 4.33 (t, J = 6.7 Hz, 4H), 2.48 (s, 6H), 1.77 (dq, J
= 8.0, 6.7 Hz, 4H), 1.50 – 1.41 (m, 4H), 1.35 (tdd, J = 7.1, 4.4, 3.2 Hz, 8H), 0.97 – 0.86
(m, 6H).

13

C NMR (101 MHz, CDCl3, 25 oC) δ (ppm) 171.14, 166.22, 137.70, 132.99,
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131.51, 130.08, 129.65, 127.99, 123.04, 94.16, 91.20, 77.48, 76.84, 65.49, 31.61,
28.81, 25.85, 22.70, 20.17, 14.16.

Xylene PEPEP link (Xy): Adapted from literature procedure.23 A 50 mL round bottom
flask was charged with S2 (4.3 g, 7.7 mmol, 1.0 eq), Bu4NOH (15.7 mL, 23 mmol, 3.0
eq), and 85 mL of THF (0.09 M). The solution was stirred at room temperature for 18 h.
The solvent was then reduced using a rotary evaporator, and the residue was
suspended in water and quenched with 24 mL of 1 M HCl. The white precipitate was
collected via vacuum filtration, rinsed with water and a small portion of cold methanol.
(2.65 g, 88% yield). 1H NMR (400 MHz, DMSO-d6, 25 oC) δ (ppm) 8.04 (d, J = 8.6 Hz,
4H), 7.73 (d, J = 8.6 Hz, 4H), 7.57 (s, 2H), 2.50 (s, 6H).

13

C NMR (101 MHz, DMSO-d6,

25 oC) δ (ppm) 166.67, 137.47, 132.66, 131.48, 130.65, 129.61, 126.55, 122.34, 94.11.
90.49, 19.53
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PIZOF-2 MOF (0 mol% An): Xy (20 mg, 0.051 mmol, 0.8 eq) was placed in a 4 mL
glass vial followed by L-proline (29.2 mg, 0.254 mmol, 5 eq) and ZrCl4 (13.0 mg, 0.056
mmol, 1.1 eq). Then 0.75 mL of 72.6 mM HCl in DMF was added followed by 1.46 mL of
DMF (total concentration of 0.023 M with respect to Xy). The vial was tightly capped
and immersed in an ultra-sonication bath until a fine suspension was obtained. The vial
was then placed in a 120 oC isothermal oven for 24 h. The precipitate formed was
collected by vacuum filtration and rinsed with DMF and CH2Cl2. The powder was
immersed in DMF for 72 h, replacing the DMF every 24 h through the solvent exchange
process and then the DMF was replaced with DCM for 48 h. The MOF was then dried
under ultrahigh vacuum, 25 mTorr. Yield = 23.4 mg.
Low Anthracene Concentration MOFs (0 < x ≤ 50): Xy (See Table 8) was placed in a
4 mL glass vial followed by L-proline (See Table 8) and ZrCl4 (See Table 8). A 13.0 mM
solution of An in DMF was prepared and the required amount was added to the reaction
vial followed by 72.6 mM HCl in DMF solution, fresh DMF (total concentration of 0.017
M with respect to total moles of links), and o-DCB (10% v/v). The vial was tightly capped
and immersed in an ultra-sonication bath until a fine suspension was obtained. The vial
was then placed in a 120 oC isothermal oven for 24 h. The precipitate formed was
collected by vacuum filtration and rinsed with DMF and CH2Cl2. The powder was
immersed in DMF for 72 h, replacing the DMF every 24 h through the solvent exchange
process and then the DMF was replaced with DCM for 48 h. The MOF was then dried
under ultrahigh vacuum, 25 mTorr. Yield = 23.8 mg. A similar procedure was followed
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for the 1, 5, 10, 30, 40, and 50% input MOFs with 40 and 50% not requiring DCB for a
homogeneous output.
Mid Anthracene Concertation MOFs(50 < x ≤ 70): An (See Table 8), Xy (See Table
8) was placed in a 4 mL glass vial followed by benzoic acid (See Table 8, 30 eq w/r to
An), L-proline (See Table 8, 5 eq w/r to Xy) and ZrCl4 (See Table 8) followed by 72.6
mM HCl in DMF solution and fresh DMF (total concentration of 0.017 M with respect to
total moles of links) The vial was tightly capped and immersed in an ultra-sonication
bath until a fine suspension was obtained. The vial was then placed in a 120 oC
isothermal oven for 72 h. The precipitate formed was collected by vacuum filtration and
rinsed with DMF and CH2Cl2. The powder was immersed in DMF for 72 h, replacing the
DMF every 24 h through the solvent exchange process and then the DMF was replaced
with DCM for 48 h. The MOF was then dried under ultrahigh vacuum, 25 mTorr. Yield =
27.5 mg. A similar procedure was also followed for both 60% and 70% input MOF.
High Anthracene Concertation MOFs: An (See Table 8) was placed in a 4 mL dram
glass vial followed by benzoic acid (See Table 8) and ZrCl4 (See Table 8). Xy (See
Table 8) was added to the vial followed by fresh DMF (0.017 M with respect to total
moles of links). The vial was tightly capped and immersed in an ultra-sonication bath
until a fine suspension was obtained. The vial was then placed in a 120 oC isothermal
oven for 72 h. The precipitate formed was collected by vacuum filtration and rinsed with
DMF and CH2Cl2. The powder was immersed in DMF for 72 h, replacing the DMF every
24 h through the solvent exchange process and then the DMF was replaced with DCM
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for 48 h. The MOF was then dried under ultrahigh vacuum, 25 mTorr. Yield = 5.1 mg. A
similar procedure was followed for the 80%, 90%, and 100% input MOFs.
Results and Discussion
Synthesis and Crystallography
The structural and aggregate links (Xy, An respectively Figure 17a) were both
prepared according to literature procedures20, 23 utilizing a Sonogashira coupling of their
respective aromatic centerpiece with an alkynyl benzoate ester endpiece followed by an
ester hydrolysis (Appendix section S2). The respective pure phase MOFs were
prepared by solvothermal conditions utilizing benzoic acid or glycine(HCl) as an acid
modulator (Appendix section S2). It is important to note that the differences in synthetic
conditions for the pure phase MOFs required unique conditions to achieve crystalline
material at intermediate An concentrations. The MTV MOFs of An/Xy were prepared
solvothermally by varying the mole ratio of links, obtaining bulk powders with formula
Zr6O4(OH)4[AnxXy1-x]6 (Figure 17a) over the entire composition range. Samples are
referred to as their x mol% content of An in the MOF.
All of the samples exhibit high crystallinity with diffraction features characteristic of
PIZOF-2 and NNU-28. One interesting difference between the two MOFs is in their
crystalline structure. While most interwoven zirconium-based MOFs, such as the Xy
MOF, crystalize with cubic symmetry (space group Fd-3m), the An MOF crystalizes in a
rhombohedral symmetry (space group R-3m). The change in space group symmetry
from the 0 mol% An MOF to the 100 mol% An MOF is attributed to a slight
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Figure 17. a) General synthesis of An containing MTV MOFs. b) PXRD patterns for the prepared MOFs
with varied An concentration, indicating the observed phases. c) input/output plot for the prepared MOFs.
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rearrangement in the interwoven frameworks with respect to one another. 20,

23

The

transition between phases was observed via powder X-ray diffraction (PXRD) in the
low2θ range: the 111 peak of the cubic phase splits into the 101 and the 003 peaks of
the rhombohedral phase (Figure 17b). The phase transition occurs between 50 and 60
mol% An. During our preliminary investigations, we observed that both 60 and 70 mol%
An crystalized as a mixture of phases (Figures 191-192). By adjusting the synthetic
conditions to higher temperatures and utilizing a linear combination of acid modulators,
only the rhombohedral phase was observed. Once the bulk crystalline powders were
prepared, the output loading of the An in each sample was determined. The output
An:Xy ratio was identified via fluorescence spectroscopy of digested MOF samples
(Appendix section S4), and showed that the input-output incorporation (Figure 17c)
does not follow a linear trend throughout the entire concentration range. We observed
that in the dilute region, a linear trend is observed up to 30 mol% An, slightly plateauing
as the solid solution composition approaches the phase transition at 60 mol% An. After
the phase transition, we observed outputs with increased deviations, reaching 100%
incorporation at 80 mol% An input, likely due to strong link-link interactions, as
demonstrated by Yaghi.24 Despite higher input-output variance at these high
compositions, we observed minimal discrepancies in the photophysical behavior.
Photophysical Properties
Solid-state dimers were observed via diffuse reflectance UV-Vis (DR-UV-Vis) and
solid-state fluorescence. DR-UV-Vis confirmed the presence of an H-dimer band with
absorption at λ ~ 375 nm (Figure 18a) that increased in intensity as a function of
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Figure 18. a) DR-UV-Vis spectra of An containing MOFs indicating the appearance of both H- and Jdimer bands with an increase in An concentration. b) Solid-state emission spectra of An MOFs (λex = 415
nm) as the fluorophore concentration increases from 1 to 100 mol%, with an optical photograph of MOF
powders under UV irradiation (inset, λ ex = 365 nm) c) Spectral shift of An MOFs at varied An content
(orange symbols), compared to a model (green line) derived from the dimerization equilibrium reaction
(inset).
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increased An concentration, as well as a J-dimer band which follows a similar trend at λ
= 550 nm, we are not excluding that this material absorbs through an H-dimer process,
and in actuality the resulting photophysics are most likely due to an intermediate
geometry between H- and J- (vide infra).25-26 Solid state fluorescence, λ ex = 415 nm
(Figure 18b), exhibited a J-dimer emission band at λ = 532 nm (1 mol% An) that shifted
with concentration to λ = 609 nm (100 mol% An), contrasting the monomer emission
peak of the An link (λ = 515 nm). These observations show that the dimers formed in
the MOF are in an intermediate geometry between H- and J- types.25-26 Initial MOF
samples with an An loading between 1 and 30 mol%, while having identical PXRD
patterns, produced dimer emission profiles with notably different λmax with

a large

standard deviation (33 nm). This variation may be due to strong clustering, 24 an
occurrence in MTV MOFs where the two species are not homogeneously distributed in
the framework. To circumvent the lack of photophysical reproducibility observed during
standard synthetic procedures and produce consistent emission profiles at these low An
concentrations, a small amount of o-dichlorobenzene (o-DCB) was added to the
reaction mixture. The addition of o-DCB attenuates π-π stacking interactions, allowing
for a more homogeneous linker distribution resulting in lowered standard deviations of
less than 1 nm in λmax.
The observation of H and J-dimer events in these MTV MOFs is a result of the
solid solution properties of the material. In order to identify H and J-dimer features in the
linker itself we conducted a concentration-dependent study in liquid solution, of the
soluble diester form of the linker S1. Under dilute conditions (≤ 10 µM) monomeric
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emission is observed, evidenced by two emission peaks at λ = 490 and 520 nm and a
relatively simple excitation profile (Figure 162). Increasing the concentration of S1 (10 <
[S1] ≤ 300 µM) results in spectral changes characteristic of small oligomers (i.e., dimers,
trimers, and tetramers). These spectral changes include self-absorption, due to spectral
overlap between absorption and emission (Figure 177), and H-band excitation. The
excitation peak associated with the H-band is observed at 420 nm and increases in
relative intensity with increasing S1 concentration (Figure 163-167). Further increasing
the concentration of S1 (> 300 µM) results in a bathochromic shift in emission with a
sharp decrease in emission intensity (Figure 176) due to the formation of larger
aggregates (n >> 2), which allow for more rapid vibrational relaxation and a smaller
HOMO-LUMO gap. To differentiate this liquid solution-based aggregate formation from
excimer emission, the same samples were studied at 77 K. By flash freezing the
samples, we did not observe dimer emission, but instead excimer emission, apparent
from the greater stokes shift (λemission = 600 nm) and the lack of change in the excitation
profile with concentration (Figure 169-174). These observations indicate that the solid
state MOF exhibits the same liquid-solution aggregate emission, but in the case of the
MOFs, the aggregation is restricted to dimers.
To determine if the observed solid-state spectral shifts in the MOF are due solely
to dimer emission and not larger aggregates, fluorescence shift (∆λ with respect to
monomer emission) was studied. By relating the peak emission shift in the MOF versus
output concentration (Figure 18c) it was possible to calculate the equilibrium constant of
dimerization, KD, for the prepared MOFs, based on a non-linear least squares
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regression model.22,

27

The larger this equilibrium constant, the more readily the

compound dimerizes; in liquids this is often met with a smaller observable range as the
model cannot be used once trimers are formed. In our solid MTV MOF system, KD was
found to be 1.5 ± 0.3 M-1, at least 3 orders of magnitude larger than other fluorescent
dyes in solution, such as Rhodamine G6, which has a KD of 0.0019 M-1 in water.22, 28-30
We speculate that the interwoven crystal structure of the MOF allows for a much higher
local concentration of dimers. It is noteworthy that a broader concentration range for
dimer formation could be achieved, 1.2 M vs 1 mM, 22 due to the structure of the MOF
preventing trimers and other higher order complexes to form.
The link-link interactions in the prepared MOFs induced further changes to the
emission quantum yield and lifetime, depending on the total fluorophore concentration
(Figure 19). The absolute quantum yield of 1 mol% An was found to be 0.749 ± 0.003.
This large quantum yield is slightly lower than that of the model compound, 9,10-Bis(phenylethynyl)anthracene

(BPEA),

which

has

a

quantum

yield

of

0.87

in

cyclohexane.12-14 This slight decrease maybe attributed to the electron withdrawing
nature of the carboxylic acid groups attached to the outside phenyl rings and their
interactions with the metal oxide cluster. Increasing the concentration of An thru 50
mol% results in a stark decease to 0.047 ± 0.004, perhaps due to intermolecular effects
such as self-absorption. Upon undergoing the phase transition to the rhombohedral
phase there is a modest increase in quantum yield attributed to a more preferential
overlap between An molecules, which then decreases back to 0.047 ± 0.005 as the An
loading increases to 80 mol%. This overall decay in the quantum yield was expected as

108

Figure 19. Measured quantum yields and lifetimes (inset) of triplicate samples at given An input
concentrations of An MOFs (dotted line used as a visual guide).
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inner filtering and other non-radiative pathways become more prevalent at such high
concentrations. Unlike the quantum yield, the trend of the lifetimes (Figure 19 inset)
proved more complex. 1 mol% An had a lifetime of 3.0 ± 0.1 ns which is similar to the
literature values 3.2 ns for BPEA in methyl cyclohexane14 or 3.4 ns in a polymer film.31
Interestingly, a significant increase in lifetime is observed from 5 to 30 mol% An. The
increase in lifetime from 3.2 ns to 13 ns is attributed to dilute dimer formation at these
lower concentration samples (< 40 mol% An), as the excited state is stabilized by the
formation of the dimer and the highly rigid nature of the MOF. Previous research has
demonstrated how solvent viscosity plays a crucial role in dimer lifetime 32-33 and in a
MOF matrix,34 the crystalline lattice results in a more rigid environment while retaining
some molecular motion.35 As the dimer concentration increases further; however,
trapping can occur when another excited state (trap state) has a similar energy to the
excited state with a relatively small energy barrier between the two states. This allows
for an S1 to trap state transition at ambient conditions which then allows for more rapid
vibration relaxation.32 Although this results in a decrease in quantum yields and
lifetimes, approaching 6.6 ns for 80 to 100 mol% An, it is still longer lived than the
original 1 mol% An. As such, the MTV MOFs presented give insight to the
photophysical effects from link-link interactions in a MOF matrix by facile spectroscopic
characterization.
In this work we demonstrate–for the first time–that by varying the amounts of πrich fluorophores within interwoven MTV MOFs results in the observation of J-dimer
emission. By measuring the photophysical effects as a function of concentration, we
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identified fluorescence shifts that are consistent with π-π stacked dimers, enabling
quantification of link-link interactions that occur during crystallization. Our work
demonstrates that MTV MOFs that follow a SSS behavior can be utilized as materials
that produce emergent properties with increased complexity and a high degree of
synthetic control. This insight into the crystallization process can also help future
endeavors in structure-property relationships for the design of advanced materials.
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CHAPTER 5. PREPARATION AND PROPERTIES OF MOF THIN FILMS
OVER VARIED SUBSTRATES

Introduction
Thus far this dissertation has focused on the discovery of new properties in metalorganic frameworks (MOFs) via a substitutional solid solution approach (SSS). Though
the study of these emergent properties has shown the breadth of applications for these
materials, simple methods for incorporation are still lacking. This is due to the fact that
the MOFs are prepared as bulk powders, which are easy to study from a
crystallographic and properties perspective, but often need to be affixed to a substrate
for device incorporation. By adhering the MOF to a substrate, it becomes possible to
integrate the new material property into a device. Film preparation allows desirable
compatiblity with CMOS, Complimentary Metal-Oxide Semiconductor, a device
fabrication process,1 which in turn would facilitate the incorporation of other materials for
more versatile devices. These devices move away from the original applications of
MOFs (as bulk powders, ie. gas adsorption and catalysis)2-9 to desirable properties in
various devices (thin films, ie. sensors, electronics, and optical devices).10-15 It is also
important to note that transitioning from the bulk powder to the thin film state can result
in a change in the desired property as the films can be prepared as polycrystalline or
oriented films.11, 16-17
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Figure 20. a) Scheme of a MOF-based device fabrication, (left) where the bulk powder is prepared and
studied for desirable properties, then the material is incorporated onto a substrate via either an epitaxial
method (middle, top) or a polycrystalline method (middle, bottom), (right) leading to the study of the
device and any possible changes in the properties with respect to the structure. b) XRD of MOF
films@FTO with the 1 mol% WLE (Red, Green, and Blue) films on the left and the dimer films on the right,
indicating the isoreticular nature of the MOFs. It should be noted, as was the case in the bulk powders,
the 100% An film crystalizes in the rhombohedral phase. The * indicates peaks related to the FTO
substrate.
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As such, there is a need for device ready thin films with a focus on optical
applications. The focus of this work centers on this transition, Figure 20a, where we try
to achieve the desired properties observed in the solid state in device ready thin films.
There currently are a plethora of reviews on how to prepare thin films of MOFs, 18-21
these preparation techniques can lead to ordered epitaxial growth films (top middle
Figure 20a) or disordered anisotropic films (bottom middle Figure 20a). Both structures
can yield desired properties with one key difference being how the final materials are
physically characterized, but ideally these would have similar device outputs.
Herein we present the process of moving from bulk MOF powders, with white light
and aggregate emissive properties, to thin films on both crystalline and amorphous
substrates, the goal being to integrate the properties of the MOF into device ready
materials. The focus of this work will be on the properties of the prepared film and how
they differ from those of the bulk powder. The first avenue to prepare these deviceready materials is to grow the MOF directly onto fluorine-doped tin oxide, FTO, which is
a transparent electrode commonly used in LEDs. FTO was chosen over the other
commercially available indium-doped tin oxide, ITO, due to the decrease in Schottky
contact which results in extreme quenching of the excited state (of the fluorophore). 22
This quenching would hinder the properties of the prepared device by decreasing both
the lifetime and the quantum yield of the fluorophore, due the electrons near the fermi
level in the n-type semiconductor which will quench holes in excited compounds.
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Experimental
All starting materials and solvents, unless otherwise specified, were obtained from
commercial sources (Aldrich, Fisher) and used without further purification. High Density
Polyethylene (PE) was obtained from Fisher in pellet form, Polystyrene was also
obtained as pellets from Fisher and used without further purification. All MOF powders
were prepared via synthetic methods mentioned in previous chapters. All glass slides
(FTO on SiO2 and SiO2) were purchased and cut to the desired size (2.5x1 cm for FTO
and 1x1 cm for SiO2). All substrates were cleaned with the following method: sonication
for 15 minutes in a soapy water solution, sonication for 15 minutes in a DI water
solution, sonication for 15 minutes in an acetone solution, sonication for 15 minutes in
an isopropanol solution, and then allowed to air dry under a kin wipe (to prevent dust
from settling). Substrates were then stored in a petri dish until used.
Powder X-ray diffraction measurements were performed using a Rigaku Miniflex
600 diffractometer, with θ-2θ Bragg-Brentano geometry, and a 600 W (40 kV, 15 mA)
Cu X-ray tube source using Kα (λ = 1.5418 Å) radiation. Samples were measures with
spinning from 2.5 to 50 2θ-degrees with a step size of 0.02o and a scan rate of 1.5 s per
step. Samples were prepared by attaching the film and substrate to a glass slide and
placing parallel to the x-ray beam path.
The steady-state emission spectra were obtained using a Horiba Fluormax 4.
Samples were measured by placing the substrate in a standard sample holder and
angling the film such that it was visible from both the excitation source and the detector.
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As a control experiment, a blank sample (with just FTO or polymer on SiO2) was always
run. Emission traces were analyzed using Origin 9.0.
A home-made spin cotter was prepared utilizing a retired 3 in computer fan
controlled with a Dr. Meter DC power supply (PS-305DM). Where the speed of rotation
was adjusted by changing the voltage from 6, 10, or 15 V. Utilizing a slow-motion
camera the rpm at these potentials was found to be 780, 1080, and 2160 respectfully.
The fan was placed in a Styrofoam cooler which acted as a splash guard for residual
polymer and solvent. a glass substrate was affixed to the fan via a piece of double sided
tape. The controllable variables tested were polymer matrix, solvent, temperature of
solvent polymer mix, concentration of polymer (mg/mL), concentration of MOF (mg/mL),
rpm of stage, droplet volume, layers of polymer, drying time, and annealing time at
varied temperatures. A diagram of the device is show in Figure 21.
R, G, B Films: These films were prepared at 1 mol% loading of the fluorophore in the
same manner as in chapters 2 and 3 of this write up. The only difference was that the
samples were prepared in 8 mL conical vial containing a slide of FTO angled to fit in the
flask with active side facing downwards (~45 o). The conical vial was then placed in a
120oC oven for 5 d and the allowed to cool to room temperature. The substrate was
then retrieved from the mother liquor with tweezers and gently rinsed with DMF, this
resulted in crystals attached to the SiO2 side for the substrate to fall off. The sample
was then allowed to air dry in a petri dish.
Dimer Films: Films were prepared at varied concentration similar to chapter 4, but the
Xy link was replaced with 1,4-Bis(ethynyl-4-carboxyl-benzene)-2,5-dimethoxybenzene,
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Figure 21. Diagram of built spin coating device. A repurposed computer fan was utilized as the spinning
platform and was powered by a Dr. Meter DC power supply (PS-305DM). Coating was completed at
variable speed, determined by the power supply.

120

which is the same structure as Xy but with the methyl replaced with methoxy groups.
This change was made since a thin film procedure was published by our research group
utilizing the dimethoxy link instead of the Xy link.23 With this change the same
procedure as that published in the reference was utilized to prepare thin films over an
FTO substrate.
Polymer films on SiO2: Glass slides were affixed to the home-made spin coater via
double sided tape. The potential was set for the given trial and the fan was turned on.
The polymer solution was prepared by gently heating the polymer in the given solvent
till dissolved, MOF powder was then added to the solution and sonicated and vortexed
mixed till homogeneous. Then a glass pipette was used to transfer a small volume, 100500 μL, of the MOF/polymer/solvent mix quickly onto the spinning surface. If multiple
layers were made on the same substrate, the sample was kept in motion while drying
and another droplet volume was added after the previous layer was dry. If the sample
was annealed it was placed in an oven after mostly drying on the computer fan and
allowed to sit in the oven for 30 to 120 minutes, depending on the sample.
Results and Discussion
Film synthesis was completed under solvothermal conditions similar to the bulk
powder for both the white light emission (WLE) and dimer MOFs. For the WLE MOFs
the same conditions where used, but a pretreated FTO slide was placed with the coated
side down. This resulted in more homogeneous films and prevented dendrite growth of
the MOF film due to particles that formed in solution and were then deposited on the
surface. For the dimer containing MOFs the Xy link was replaced with a dimethoxy form
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of the link, referred to herein as MeO, due to the crystallite size of the Xy and MeO
MOFs. Upon crystallization, the Xy MOF gave very fine powder forms, indicating a quick
nucleation step and a slow crystal growth step, on the other hand, the MeO bulk MOF
forms much larger crystals (~30 μm) indicating a change in the crystallization process.
Previous work in our lab23 set about forming thin films of MOFs over FTO for
electrochemical purposes; during these studies it was found that MeO formed much
more consistent and homogeneous films in shorter times than the Xy. Due to the similar
structure between Xy and MeO very similar crystallization conditions were used as the
literature (Sections S2). For the purpose of this work the major colors of the dimeric
species; green(1 mol%), yellow (10 mol%), orange (30 mol%), and red (100 mol%),
were prepared utilizing the MeO link. The prepared films, both WLE and dimer, were
studied via x-ray diffraction and can be observed in Figure 20b. These diffractograms
exactly match those observed in chapters 2 and 3 of the bulk powders with the only
difference being peaks seen at angles greater than 22 degrees theta. These peaks
correspond to reflections associated with the FTO and do not shift between samples,
the only notable difference is the relative intensities of the FTO peaks which is
dependent on factors such as film thickness and sample positioning.
Once the samples were structurally confirmed, the emissive properties were
investigated to note any differences due to the thin film architecture. The emission
profiles for each sample were collected using a Horiba Fluoromax 4 using the same
excitation wavelength (365 nm WLE and 415 nm dimer) which was utilized for the bulk
powders. Figure 22a compares each WLE thin film to their respective bulk powders,
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Figure 22. a) Normalized and overlaid emission spectra of 1 mol% fluorophore systems (WLE) as a bulk
powder (dashed lines) and a thin film over FTO (solid lines). The largest differences can be seen in the G
and R systems where more keto emission is lost and the apparent Stokes shift is increased. b)
Normalized and overlaid emission spectra of different loadings of An in Xy (bottom, as a bulk powder) or
MeO (top, as a film over FTO). The lambda max of emission is nearly identical in all cases the only
notable difference is in peak shape, which could be instrumental or due to the proximity to the FTO.
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collected on an Edinburgh FLS980, at first glance there are some glaring differences
between the films and the bulk powders. For instance, the 1% B@FTO, indicating the 1
mol% B from the WLE project was grown on FTO, shows an increase in emission 515
nm. The difference in lambda max of fluorescence is most likely due to instrumentation,
while the shoulder at ~515 nm can be attributed to the close interactions of the MOF
with the polar substrate, which is similar to observations made by Soo Young Park 24
where more polar, specifically aprotic, solvents would cause a red shift in emission from
the keto state, while absorption and enol emission were relatively unaffected.
Unfortunately, for both the G and R MOFs it becomes apparent that the desired keto
emission is quenched once the material is incorporated into the film. This is likely due to
the electronic interactions with the FTO where the fermi level electrons readily quench
the keto state resulting in only enol emission being observed. This quenching ability of
FTO is well known and is often circumvented in o-LEDs by adding multiple protective
layers, such as hole injection layers, hole transport layers, and electron blocking layer
(all under 30 nm in thickness) between the emissive material and the FTO.25 These
protective layers are often amorphous polymers which would inhibit MOF growth, as
noted in the FTO films where the MOF that grows on the conductive side is well
anchored and the MOF which grows on the amorphous silica side is readily detached by
rising with solvent or drying.
The dimer containing films were also compared to their bulk powder counterparts
as seen in Figure 22b. Peak fluorescence between the bulk powders and the thin films
over FTO are nearly identical only differing by a few nm, which can be attributed to the
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different instruments utilized in data collection (QuantaMaster Model QM-200-4E for
powder samples and the same Fluoromax as the other films). It is interesting to note the
difference in profile shape for the emission spectrum. While visually the emission looks
to be nearly identical, the changes in the peak shape would result in different CIE
coordinates leading to undesirable changes in the device. It is important to note that an
asymmetry can be observed in the emission peaks from the samples on FTO, this
asymmetry is most likely due to the older grating in the fluoromax. While both
instruments have a 1200 groove/mm grating the QuantaMaster has a longer detector
path length resulting in almost twice the resolution. Other discrepancies between the
bulk powder and the FTO films could be due to the switch from the Xy to the MeO link,
but this is unlikely due to the fact that the absorption profiles of Xy and MeO only differ
by ~10 nm.
While the dimer series of films matched closely to the bulk powders, in
spectroscopic properties, the WLE samples presented with major shortcomings. This
issue is further compounded by the yield of these MOFs. Normally, for the WLE MOFs,
the resultant yield is roughly ~50% yield from the organic building blocks (ie. the most
labor intensive piece in preparing a MOF). When preparing the films, this yield
decreases even further due to the fact that MOF powder is also formed, in solution and
on the incorrect side of the substrate, during the crystallization and is unusable as it is
not attached to the conductive FTO surface. Thus a means to prepare MOF thin films
quickly while reducing waste would be desirable. Other research groups have started to
incorporate MOF powders into polymer matrices,26-27 as a means to increase the
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breadth of substrates on which the MOF can be dispersed. This approach utilizes MOF
powders, circumventing the yield issue from above, and suspends them in the polymer
matrix to be applied via a variety of methods to a substrate’s surface. With the
equipment available in our research group the simplest method was to prepare films via
a spin coating methodology. This method was chosen due to the simplicity of the
instrument’s set up and the relative ease of preparing films. For this work a home built
spin coating instrument was prepared from a retired computer fan which was attached
to a DC power supply, a detailed image of the setup can be found in the SI (Section
S1). With this set up it was possible to adjust the rotational speed of the fan, which
acted as the spinning base, based off the potential which was applied. With the
instrument constructed the ideal conditions for film deposition were investigated, first
using high density polyethylene (PE) and later with the more soluble polystyrene (PS),
by tuning the stage speed, polymer concentration, and other variables outlined in the
supplemental data.
Initial data was collected utilizing the WLE MOFs in PE onto a glass slide, where
the PE was dissolved in hot xylene at low concentrations (5 mg/mL) and dropcast onto
a high speed slide (15 V). Amorphous silica glass was chosen for these studies to
decrease costs and to avoid the quenching issues observed with the FTO samples. For
the dimeric MOFs, the more soluble PS was utilized with chloroform (75 mg/mL) at
room temperature. Utilizing PS allowed the film to be cast at a lower fan setting (10 V)
since the solution was cast a room temperature, unlike the PE which was cast at ~110
o

C to keep the polymer in solution due to rapid cooling of the solution upon contact with
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the substrate. This rapid cooling resulted in optimal film thickness with just a single coat
with the glass, on the other hand the PS films were too thin with a single coat of polymer
leading to a procedure were three coats at 200 μL of PS were applied. MOFs were
incorporated into the polymer matrix before casting at a concentration of ~18 mg/mL
ensuring that the MOF powder was finely ground before addition. The polymer solution
was brought to homogeneity with a vortex mixer and was then quickly applied to the
spinning substrate. Figure 23a depicts the SEMs of the prepared WLE@PE and
dimer@PS films. The effects of the high temperature solvent for the PE films can be
seen in the zoomed image on the left, where the rapid cooling of the polymer causes an
uneven surface (macro and micro image) and tears in the polymer to reveal clusters of
MOF beneath(Figure 215). This is juxtaposed to the PS films which form with a much
smoother surface as seen in the dimer@PS films on the right of Figure 22a. The
architecture of the PS films are significantly more smooth compared to the PE films due
to the significantly lower drop temperature, 25 oC. It should be noted that the x-ray
diffraction of these film was also studied, and due to the fact that a crystalline material is
dispersed in an amorphous polymer, characteristics of both are observed in the
diffraction. Figure 206 depicts an example of this where the green fluorophore samples,
in bulk powder and a PE film, are overlaid, depicting the retention of the main diffraction
peaks of the MOF in the polymer, as well as scattering at 7 and 20 o due to the polymer
matrix. The change in relative intensities of the diffraction peaks is most likely due either
preferred orientation, strain on the crystallites due to the polymer matrix, or a low
concentration of crystallites in the beam path.
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Figure 23. a) SEM images in macro and micro scales of WLE@PE (left) and dimer@PS (right), indicating
the difference in surface texture between the two methods. b) Emission spectra of the 1 mol% WLE@PE
films (left) and overlay of the bulk powders with the same fluorophore concentrations in film form (right). c)
stacked image of emission profiles of dimer bulk powders (bottom) and dimer@PS films (top).
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Emission of the prepared films was then studied in a similar manner to the bulk
powders, ie. same excitation wavelength. To confirm that lack of spectral interference of
the polymer matrix blank samples, with only polymer cast on glass, were prepared and
measured. A sample comparison is shown in Figure 207 and it can be noted that the
emission of the polymer and glass is negligible in comparison to the emission of the
MOF. The emission of WLE@PE samples is shown in Figure 23b as an overlay of just
the PE films and an overlay of the films with the bulk powders. As seen on the image,
the emission of the R fluorophore still consists mainly of the undesired enol emission,
but when compared to the bulk powder emission the results appear to be better than the
FTO samples. This change is attributed to the loss of interference from the metal oxide
surface but the difference in relative emission intensities requires more investigation.
The emission of B and G@PE are nearly identical to those of the bulk powders, albeit
slightly blue shifted which can be attributed to instrumental differences, and G@PE
presents with much less enol emission than observed in the FTO samples. This change
is attributed, as was the case with R@PE, to the lack of quenching from the metal oxide
layer. The emission profiles of the dimer@PS are relatively similar to those of both the
bulk powder and that of the dimer@FTO. This supports the robust nature of the dimer
emission mechanism and its independence to its surrounding environment once
included into a MOF, ideal for device incorporation.
Developing a means to incorporate the previously prepared emissive MOFs
(Chapters 2-4) into device compatible systems has led to a better understanding of the
emission pathways of these materials. For the WLE system it was apparent that the
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keto emission was more susceptible to quenching than the higher energy enol emission,
indicating a less active substrate was required to allow more desirable emission. To
achieve this the MOF was prepared as a bulk powder and suspended in PS and cast
onto a glass slide, while the B and G MOFs demonstrated ideal emission the R MOF
still requires some fine tuning to extenuate the desired keto emission. As for the dimer
based MOFs both the FTO and polymer@glass films showed similar emission to that of
bulk powders, despite this fact, the polymer films are more desirable for further studies
due to their increased yield and better surface coverage over the FTO (with increased
An loading). These thin films accentuate the ability for the overall use of SSS in MTVMOFs as a means to create desired properties in functional materials and allow them to
be prepared in a means compatible with CMOS and other layered devices used in
emissive devices and commercial products.
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CHAPTER 6. CONCLUSION & OUTLOOK

The purpose of the presented work was to study the solution-like properties of
crystalline frameworks, specifically metal–organic frameworks. The completed research
focused on the application of a substitutional solid solution, SSS, approach to
multivariate metal-organic frameworks (MTV-MOFs), with a goal of observing
phenomena normally only observed in dilute solutions of organic molecules. I have
presented the study of two main systems, multicolor emission and dimer emission with
a later focus on white light and device incorporation. The completed research has
supported the initial hypothesis that these materials could be prepared in a controllable
manner based solely on the ratios of the organic building blocks and in turn a structureproperty relationship can be built, where the observed properties of the material are
dictated by the building blocks.
The first set of this completed work focused on the preparation of a multicolor
emissive system. This involved devising a fluorophore system with minimal energy
transfer and ideally had single wavelength excitation. Due to these constraints I
prepared three novel fluorophores based on excited state proton transfer (ESPT) dyes,
specifically designing these fluorophores to emit in the red, green, and blue. With all the
data collected we were able to draw connections between solution properties and those
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observed in our solid state materials, from concentration dependent emission to lifetime
effects due to FRET. The second system focused on taking advantage of the structure
of interwoven structure. In this case the goal was to observe aggregate emission in the
solid state. Utilizing an aggregate forming, anthracene containing linker, linker it was
possible to observe spectroscopic changes, green to red emission, as a function of
anthracene concentration. We observed, from the emission spectra, that the observed
phenomena were due solely to dimers and that the structure of the MOF did not allow
larger aggregates to form in the material. The next step in my research focused on
incorporation of these emissive materials into devices via thin films. The prepared films
offered more consistent photophysical properties to the bulk powders, but more work is
required to achieve desired results and data.
The future of this SSS approach to MTV MOFs can follow one of two paths. The
first path being the commercialization of the multicolor or dimer emissive systems, were
the previously studied compounds are made into a device for either sensing or light
emission. In this case the materials must retain their properties as either poly-crystalline
films or epitaxially grown films, where each set of films offers different advantages. For
instance the polycrystalline films may be more facile to prepare, but will result in a more
inhomogeneous surface morphology, due to the different crystallite orientation, resulting
in less compatibility with CMOS. On the other hand, epitaxial growth of the MOF films
with create a smoother surface, but requires very unique conditions. Regardless of the
film preparation method it is pivotal that the stability of the bulk powder MOFs is
retained and that similar photophysical properties are observed.
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Figure 24. Representation of possible target linkers for further investigation into SSS properties of MTVMOFs, where a) represents a dipolar molecular to observe capacitance in MOFs, b) the dibenzofuran
core undergoes turn-on phosphorescence when incorporated into a condensed state, and c) the
pentacene molecule can undergo singlet fission when in close proximity with another pentacene
molecule.
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The other path that this research could follow would be to explore other, more
exotic, phenomena in these MOFs. Other desirable properties are dielectrics,
phosphorescence, and singlet fission. The dielectric properties would be interesting to
study due to the fact that a single material could be used for interlayer dielectrics or
capacitors, the only difference being the amount of the active link which is added. This
would be accomplished by utilizing a molecule with a strong dipole, Figure 24a, which
could interact with a strong electric field.1-2 Since we have shown solution like behavior
in the solid-state it would be expected that the central ring of the molecule could rotate,
allowing the dipolar species to align to a electric field and store a charge orientation. As
for phosphorescent MOFs, it would be interesting if a unique molecule, specifically one
were a rigid environment resulted in turn on emission, would be incorporated into the
material. In this case at low concentrations in the MOF results in only fluorescence
being observed and an increase in concentration would result in less mobility of the
functional pendant, resulting in phosphorescence,3 this has been observed in
dibenzofuran derivatives which can be easily anchored to a PEPEP link as seen in
Figure 24b. In the case of singlet fission, a molecule (such as pentacene,4 Figure 24c)
could be incorporated into these MOFs. The interest of singlet fission is that a single
excitation photon can be converted to two emissive photons of half the energy. This
higher quantum yield is desirable for solar applications to achieve an efficiency above
the theoretical cap of 33.7%, due to the ability for the molecule to achieve a quantum
yield of 2.5 In closing, the SSS approach to MTV MOFs can lead in a multitude of
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directions with new exciting properties which could be used in commercial devices to
increase efficiency, durability, or decrease costs.
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Section S1. Single Crystal X-ray Diffraction
Table 2. Experimental Crystallographic Data of NF MOF

Empirical Formula

Zr3O16C48

Crystal Size

0.107 mm

Crystal System

Cubic

Space Group

Fd-3m (no. 227)

Unit Cell Dimensions

a = 38.7879(2)

Cell Volume

58401.1(9)

Z

16

Formula Weight

1118.28

Density

0.509

Absorption Coefficient

1.92

Diffractometer used

XtaLAB synergy, Dual flex HyPix

Radiation

CuKα

Temperature (K)

100(2)

Scan Type

Reflections Collected

𝜔
−43 ≤ ℎ ≤ −1, −37 ≤ 𝑘 ≤ 19,
−40 ≤ 𝑙 ≤ 31
2008

Observed Reflections

1880

Absorption Correction

Multi scan

F000

8768

System Used

Shelxl version 2014/7

Solution

Direct Methods

Refinement Method

Full matrix least-squares

Quality Minimized

∑ 𝜔(𝐹𝑜 − 𝐹𝑐 )2

Number of Parameters Refined

58

Final R indices (obs. data)

R = 10.04 %, wR = 29.28 %

R Indices (all data)

R = 10.39 %, wR = 29.75 %

Index Ranges

139

Goodness of Fit

1.090
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Figure 25 Crystal Model of NF MOF viewed along the 001 direction. Unit cell is indicated, black spheres
are carbon, red spheres are oxygen, blue polyhedra represent zirconium, and the light and dark blue
polyhedra represent zirconium clusters in each of the two interwoven frameworks, respectively. Methyl
carbon and hydrogen are not shown for clarity.
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Section S2. Photophysics

Figure 26 UV-Vis absorption (solid lines) and emission (dashed lines, λ ex = 360 nm) spectra of 10%-B,
10%-G, and 10%-R (25 oC).
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Figure 27 a) Absolute absorbance spectrum and b) emission spectra for neat solids of Blue, Red, and
Green acids (25 oC).
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Figure 28 a) CIE coordinate diagram showing excitation wavelength independent chromaticity of
Zr6O4(OH)4[(R0.5B0.5)0.01NF0.99]6 MOF b) CIE dependence with varied input x for single fluorophore MOFs
(λex from 340-400 nm @ 10 nm step).
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Figure 29 Excitation-emission maps of (a) R and B, (b) G and B, and (c) RGB MOFs demonstrating
excitation independence.
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Figure 30 2-D Fluorescence spectrum of Zr6O4(OH)4[(R0.2G0.6B0.2)0.10NF0.90]6 MOF (25 oC).
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Figure 31 2-D Fluorescence spectrum of Zr6O4(OH)4[(R0.3G0.3B0.3)0.10NF0.90]6 MOF (25 oC).
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Figure 32 2-D Fluorescence spectrum of Zr6O4(OH)4[(R0.4G0.2B0.4)0.10NF0.90]6 MOF (25 oC).
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Figure

33

CIE

coordinates

of

a)

1%-G

MOF

b)

Zr6O4(OH)4[(R0.1G0.9)0.01NF0.99]6

MOF,

c)

Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6 MOF, d) Zr6O4(OH)4[(R0.9G0.1)0.01NF0.99]6 MOF and e) 1%-R MOF Ex =
365 nm (25 oC).
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Figure 34 Absorbance spectrum of S7 (B ester form), S13 (G ester form), and S16 (R Ester form)in
toluene (25 oC).
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Figure 35 Fluorescence spectrum of S7 (B ester form), S13 (G ester form), and S16 (R Ester form) in
toluene (25 oC).
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Table 3. Photophysical properties of ester links in toluene (25 oC) (a) Emission data acquired using
dilute solutions (~1 × 10-5 M). (b) kr = (c) knr = (1-
Emission at rta

Absorbance
Compound

(nm)

max (nm)

 (ns)

kr (× 107s-1)b

knr (× 108s-1)c

PL

Blue

330

420

7.8

0.35

4.5

0.83

Green

305

505

5.6

0.22

4.0

1.4

Red

335

605

7.9

0.04

0.5

1.2
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Figure 36 Absorbance spectrum of S7 (B ester form), S13 (G ester form), and S16 (R Ester form)in EtOH
(25 oC).
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Figure 37 Fluorescence spectrum of S7 (B ester form), S13 (G ester form), and S16 (R Ester form) in
EtOH (25 oC) evidencing significant loss of keto emission in a protic solvent.
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Figure 38 Absolute absorbance spectrum of NF MOF (25 oC).
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Figure 39 Absolute absorbance spectrum of 10%-B MOF (25 oC).
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Figure 40 Absolute absorbance spectrum of 10%-G MOF (25 oC).
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Figure 41 Absolute absorbance spectrum of 10%-R MOF (25 oC).
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Figure 42 Fluorescence spectrum of NF MOF Ex = 340 nm (25 oC).
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Figure 43 Fluorescence spectrum of 10%-B MOF, 1%-B MOF, and 0.1%-B MOF Ex = 360 nm (25 oC).
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Figure 44 Fluorescence spectrum of 10%-G MOF, 1.0%-G MOF, and 0.10% MOF Ex = 360 nm (25 oC).
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Figure 45 Fluorescence spectrum of 10%-R MOF, 1.0%-R MOF, and 0.1%-R MOF Ex = 360 nm (25 oC).
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Figure 46 Fluorescence spectrum of Zr6O4(OH)4[B0.09R0.01NF0.90]6 MOF, Zr6O4(OH)4[B0.075R0.025NF0.90]6
MOF Zr6O4(OH)4[B0.05R0.05NF0.90]6 MOF, Zr6O4(OH)4[B0.025R0.075NF0.90]6 MOF Ex = 360 nm (25 oC).
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Zr6O4(OH)4[(G0.5B0.5)0.01NF0.99]6MOF, Zr6O4(OH)4[(G0.9B0.1)0.01NF0.99]6 MOF Ex = 360 nm (25 C).
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o

Zr6O4(OH)4[(R0.5B0.5)0.01NF0.99]6 MOF, Zr6O4(OH)4[(R0.9B0.1)0.01NF0.99]6 MOF Ex = 360 nm (25 C).
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Figure 51 Fluorescence spectrum of 10%-B, physical mix of organic links Ex = 360 nm (25 oC).
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Table 4. Lifetime and quantum yield comparison data of SSS MOFs
Emission at rt

Compounda

PL

B0.10NF0.90

0.063

G0.10NF0.90

0.123

–

R0.10NF0.90

0.017

B0.09R0.01NF0.90

max (nm)

 (ns)

max (nm)

 (ns)

–

–

–

–

–

560

3.08

–

–

–

–

–

–

660

1.53

0.047

–

–

–

–

–

–

B0.075R0.025NF0.90

0.021

–

–

–

–

–

–

B0.05R0.05NF0.90

0.035

–

–

–

–

–

–

B0.025R0.075NF0.90

0.043

–

–

–

–

–

–

B0.01NF0.99

0.143

460

9.11

–

–

–

–

G0.01NF0.99

0.095

–

–

560

3.41

–

–

R0.01NF0.99

0.042

–

–

–

–

660

2.06

B0.001NF0.999

0.099

460

7.78

–

–

–

–

G0.001NF0.999

0.106

–

–

560

3.68

–

–

R0.001NF0.999

0.048

–

–

–

–

660

1.94

B0.005G0.005NF0.99

–

460

4.54

560

4.43

–

–

B0.001G0.009NF0.99

–

460

3.43

560

2.58

–

–

B0.005R0.005NF0.99

–

460

4.74

–

–

660

1.28

B0.002G0.006R0.002NF0.99

5.0

460

3.33

560

2.07

660

1.48

B0.003G0.003R0.003NF0.99

5.2

460

3.96

560

2.63

660

1.58

B0.004G0.002R0.004NF0.99

4.3

460

5.71

560

3.30

660

1.71

B0.04G0.02R0.04NF0.90

–

460

2.50

560

2.85

660

2.29

a

max (nm)
460

 (ns)
5.66

= for clarity, only the linker composition is listed
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Table 5. Color rendering index (CRI) values of white light producing of SSS MOFs. For clarity, only the
linker composition is listed

Compound

CIE CRI

B0.005R0.005NF0.99

69

B0.001R0.009NF0.99

80

G0.009R0.001NF0.99

72

G0.005R0.005NF0.99

95

G0.001R0.009NF0.99

82

B0.001G0.009NF0.99

59

B0.002G0.006R0.002NF0.99

69

B0.003G0.003R0.003NF0.99

82

B0.004G0.002R0.004NF0.99

93
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Section S3. Powder X-ray Diffraction

Figure 52 NF MOF as synthesized (25 oC)
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Figure 53 B0.1NF0.90 MOF (25 oC)

Figure 54 R0.1NF0.90 MOF (25 oC)
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Figure 55 (B0.9R0.1)0.10NF0.90 MOF (25 oC)

Figure 56 (B0.75R0.25)0.10NF0.90 MOF (25 oC)
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Figure 57 (B0.5R0.5)0.10NF0.90 MOF (25 oC)

Figure 58 (B0.25R0.75)0.10NF0.90 MOF (25 oC)
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Figure 59 G0.1NF0.90 MOF (25 oC)

Figure 60 (B0.9G0.1)0.10NF0.90 MOF (25 oC)
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Figure 61 (B0.5G0.5)0.10NF0.90 MOF (25 oC)

Figure 62 (B0.2G0.6R0.2)0.10NF0.90 MOF (25 oC)
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Figure 63 (B0.3G0.3R0.3)0.10NF0.90 MOF (25 oC)

Figure 64 (B0.4G0.2R0.4)0.10NF0.90 MOF (25 oC)
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Figure 65 B0.01NF0.99 MOF (25 oC)

Figure 66 B0.001NF0.999 MOF (25 oC)
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Figure 67 G0.01NF0.99 MOF (25 oC)

Figure 68 G0.001NF0.999 MOF (25 oC)
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Figure 69 R0.01NF0.99 MOF (25 oC)

Figure 70 R0.001NF0.999 MOF (25 oC)
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Figure 71 (B0.9R0.1)0.01NF0.99 MOF (25 oC)

Figure 72 (B0.5R0.5)0.01NF0.99 MOF (25 oC)
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Figure 73 (B0.1R0.9)0.01NF0.99 MOF (25 oC)

Figure 74 (B0.9G0.1)0.01NF0.99 MOF (25 oC)
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Figure 75 (B0.5G0.5)0.01NF0.99 MOF (25 oC)

Figure 76 (B0.1G0.9)0.01NF0.99 MOF (25 oC)
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Figure 77 (B0.2G0.4R0.2)0.01NF0.99 MOF (25 oC)

Figure 78 (B0.3G0.3R0.3)0.01NF0.99MOF (25 oC)
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Figure 79 (B0.4G0.2R0.4)0.01NF0.99 MOF (25 oC)

Figure 80 B0.10NF0.90 MOF as synthesized and after exposure to water vapor
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Figure 81 B0.10NF0.90 MOF as synthesized and after suspension in water for 5 days.
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Figure 82 MOF sample after being exposed to normal lab conditions for 10 months
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Section S4. Solid Solution Composition Determination
Method
10 mg of MOF was placed in a 3 mL vial containing 0.6 mL of DMSO-d6. 2.5 M KF in
D2O (50 µL) was added to the suspension. The vial was then heated with a heat gun till
the KF dissolved. The solution was then immersed in an ultrasonic bath for 15 min,
repeating this cycle twice resulting in a turbid suspension. The solution was gently
heated and passed through a 45 micron PTFE membrane into a NMR tube. 1H NMR
spectra were collected with 100 transients at 50 oC.
The NMR data was processed using MNova version 9.0.1. The DMSO peak was set to
a chemical shift of 2.500. Zero filling was set to 256K, apodization of T 1 was set to 0.15
Hz, baseline correction was completed, and the phase was corrected. Aromatic peak
deconvolution was performed in the aromatic region (6.5-9.5 ppm) extracting peak
areas and residuals to determine linker ratios.
Input vs. Output Data
Table 6. Sample input and output fluorophore (mole fraction). Collected from NMR data relating peak
area of the fluorophore to the peak area of the NF linker.

Blue

Green

Red

MOF

Input

Output

Input

Output

Input

Output

B0.10NF0.90

0.1

0.06

–

–

–

–

B0.09R0.01NF0.90

0.09

0.069

–

–

0.01

0.0109

B0.075R0.025NF0.90

0.075

0.0547

–

–

0.025

0.0258
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B0.05R0.05NF0.90

0.05

0.0365

–

–

0.05

0.071

B0.025R0.075NF0.90

0.025

0.02

–

–

0.075

0.074

R0.10NF0.90

–

–

–

–

0.10

0.107

B0.07NF0.93

0.07

0.1197

–

–

–

–

B0.05NF0.95

0.05

0.0899

–

–

–

–

B0.02NF0.98

0.02

0.0422

–

–

–

–

B0.01NF0.99

0.01

0.0104

–

–

–

–

B0.005NF0.995

0.005

0.0843

–

–

–

–

B0.001NF0.999

0.001

0.00248

–

–

–

–

B0.04G0.02R0.04NF0.90

0.04

0.0262

0.02

0.021

0.04

0.0357

B0.03G0.03R0.03NF0.90

0.033

0.0156

0.033

0.0383

0.033

0.0287

B0.02G0.06R0.02NF0.90

0.02

0.0095

0.06

0.0408

0.02

0.0128

G0.10NF0.90

–

–

0.10

0.0646

–

–

B0.09G0.01NF0.90

0.09

0.0673

0.01

0.0121

–

–

B0.05G0.05NF0.90

0.05

0.0348

0.05

0.0591

–

–

G0.01NF0.99

–

–

0.01

0.0134

–

–

R0.01NF0.99

–

–

–

–

0.01

0.0109

G0.001NF0.999

–

–

0.001

0.0057

–

–

R0.001NF0.999

–

–

–

–

0.001

0.0077
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NMR Spectra

Figure 83 Decomposition NMR of B0.10NF0.90 MOF

188

Figure 84 Decomposition NMR of G0.10NF0.90 MOF

189

Figure 85 Decomposition NMR of R0.10NF0.90 MOF

190

Figure 86 Decomposition NMR of B0.09R0.01NF0.90 MOF

191

Figure 87 Decomposition NMR of B0.075R0.025NF0.90 MOF

192

Figure 88 Decomposition NMR of B0.05R0.05NF0.90 MOF

193

Figure 89 Decomposition NMR of B0.025R0.075NF0.90 MOF

194

Figure 90 Decomposition NMR of B0.04G0.02R0.04NF0.90 MOF

195

Figure 91 Decomposition NMR of B0.033G0.033R0.033NF0.90 MOF

196

Figure 92 Decomposition NMR of B0.02G0.06R0.02NF0.90 MOF

197

Figure 93 Decomposition NMR of B0.01NF0.99 MOF
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Section S5. Optical Images

Figure

94

Optical

image

of

MOF

Powders

under

365

nm

irradiation.

A)

10%-B

B)

Zr6O4(OH)4[(R0.1B0.9)0.10NF0.90]6 C) Zr6O4(OH)4[(R0.25B0.75)0.10NF0.90]6 D) Zr6O4(OH)4[(R0.5B0.5)0.10NF0.90]6
E) Zr6O4(OH)4[(R0.75B0.25)0.10NF0.90]6 F) 10%-R
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Figure

95

Optical

image

of

Zr6O4(OH)4[(R0.2G0.6B0.2)0.10NF0.90]6

MOF

Powders
C)

Zr6O4(OH)4[(R0.4G0.2B0.4)0.10NF0.90]6

200

under

365

nm

irradiation.

A)

10%-G

Zr6O4(OH)4[(R0.3G0.3B0.3)0.10NF0.90]6

B)
D)

Figure 96 Optical image of MOF Powders under 365 nm irradiation. A) Zr6O4(OH)4[(R0.1G0.1)0.01NF0.99]6 B)
Zr6O4(OH)4[(R0.5G0.5)0.01NF0.99]6C) Zr6O4(OH)4[(R0.9G0.1)0.01NF0.99]6

201

Figure 97 Optical image of MOF Powders under 365 nm irradiation. A) 10%-B B) 1.0%-B C) 0.1%-B D)
0.01%-B

202

Figure 98 Optical image of MOF Powders under 365 nm irradiation. A) Physical Mix of B and NF linkers in
a 1:9 ratio B) 10%-B C) Physical Mix of G and NF linkers in a 1:9 ratio D) 10%-G E) Physical Mix of R and
NF linkers in a 1:9 ratio F) 10%-R

203

Section S6. Scanning Electron Microscopy

Figure 99 SEM of Zr6O4(OH)4NF6 MOF Powder

204

Figure 100 SEM of Zr6O4(OH)4[B0.10NF0.90]6 MOF Powder

205

Figure 101 SEM of Zr6O4(OH)4[(B0.4G0.2R0.4)0.1NF0.90]6 MOF Powder

206

Section S7. Gas Adsorption
Table 7. N2 Brunauer–Emmett–Teller (BET) Surface area parameters collected at 77 K

Zr6O4(OH)4[NF]6

Zr6O4(OH)4[B0.10
NF0.90]6

Zr6O4(OH)4[B0.10
NF0.90]6
Post H2O
Adsorption

Zr6O4(OH)4[B0.04
G0.2O0.04NF0.90]6

Vm (cm3
(STP) g-1)

430.7

372.3

374.3

368.5

𝜎 vm

12.1

1.32

1.38

1.87

SBET (m2
g-1)

1870

1620

1628

1603

𝜎 BET

52.7

5.74

5.95

8.12

CBET

122.4

2.06

2.06

2.07

𝜎 BET

13.5

0.014

0.014

0.019
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Figure 102 N2 adsorption isotherm of Zr6O4(OH)4[NF]6 MOF at 77 K. Filled circles represent adsorption
and open circles represent desorption.
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Figure 103 N2 adsorption Rouquerol plot of Zr6O4(OH)4[NF]6 MOF at 77 K.

209

Figure 104 N2 adsorption BET plot of Zr6O4(OH)4[NF]6 MOF at 77 K.

210

Figure 105 N2 adsorption isotherm of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K. Filled circles represent
adsorption and open circles represent desorption.

211

Figure 106 N2 adsorption Rouquerol plot of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K.

212

Figure 107 N2 adsorption BET plot of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K.

213

Figure 108 H2O vapor adsorption isotherm of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 303 K. Filled circles
represent adsorption and open circles represent desorption.

214

Figure 109 N2 adsorption isotherm of Zr6O4(OH)4[B0.10NF0.90]6 MOF at 77 K after exposure to H2O vapor.
Filled circles represent adsorption and open circles represent desorption.

215

Figure 110 N2 adsorption Rouquerol plot of Zr 6O4(OH)4[B0.10NF0.90]6 MOF after exposure to H2O vapor at
77 K.

216

Figure 111 N2 adsorption BET plot of Zr6O4(OH)4[B0.10NF0.90]6 at 77 K.

217

Figure 112 N2 adsorption isotherm of Zr6O4(OH)4[B0.04G0.2O0.04NF0.90]6 MOF at 77 K after exposure to H2O
vapor. Filled circles represent adsorption and open circles represent desorption.

218

Figure 113 N2 adsorption Rouquerol plot of Zr6O4(OH)4[B0.04G0.2O0.04NF0.90]6 MOF after exposure to H2O
vapor at 77 K.

219

Figure 114 N2 adsorption BET plot of Zr6O4(OH)4[B0.04G0.2O0.04NF0.90]6 at 77 K.

220

Section S8. Thermogravimetric Analysis

Figure 115 TGA of Zr6O4(OH)4[NF]6 and Zr6O4(OH)4[B0.10NF0.90]6.

221

Section S9. NMR Spectra

Figure 116 S1 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 117 S1 13CNMR (101 MHz, CDCl3, 20 oC)

222

Figure 118 S2 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 119 S2 13CNMR (101 MHz, CDCl3, 20 oC)

223

Figure 120 S3 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 121 S3 13CNMR (101 MHz, CDCl3, 20 oC)

224

1

o

Figure 122 NF linker HNMR (400 MHz, DMSO-d6, 20 C)

Figure 123 NF linker 13CNMR (101 MHz, DMSO-d6, 20 oC)

225

Figure 124 S4 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 125 S4 13CNMR (101 MHz, CDCl3, 20 oC)

226

Figure 126 S5 1HNMR (400 MHz, DMSO-d6, 20 oC)

Figure 127 S5 13CNMR (101 MHz, DMSO-d6, 20 oC)

227

Figure 128 S6 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 129 S6 13CNMR (101 MHz, CDCl3, 20 oC)

228

Figure 130 S7 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 131 S7 13CNMR (101 MHz, CDCl3, 20 oC)

229

Figure 132 B linker 1HNMR (400 MHz, DMSO-d6, 20 oC)

Figure 133 B linker 13CNMR (101 MHz, DMSO-d6, 20 oC)

230

Figure 134 S8 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 135 S8 13CNMR (101 MHz, CDCl3, 20 oC)

231

Figure 136 S9 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 137 S9 13CNMR (101 MHz, CDCl3, 20 oC)

232

Figure 138 S10 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 139 S10 13CNMR (101 MHz, CDCl3, 20 oC)

233

Figure 140 S11 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 141 S11 13CNMR (101 MHz, CDCl3, 20 oC)

234

Figure 142 S12 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 143 S12 13CNMR (101 MHz, CDCl3, 20 oC)

235

Figure 144 S13 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 145 S13 13CNMR (101 MHz, CDCl3, 20 oC)

236

Figure 146 R linker 1HNMR (400 MHz, DMSO-d6, 20 oC)

Figure 147 R linker 13CNMR (101 MHz, DMSO-d6, 20 oC)

237

Figure 148 S14 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 149 S14 13CNMR (101 MHz, CDCl, 20 oC)

238

Figure 150 S15 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 151 S15

13

o

CNMR (101 MHz, CDCl, 20 C)

239

Figure 152 S16 1HNMR (400 MHz, DMSO-d6, 20 oC)

Figure 153 S16 13CNMR (101 MHz, CDCl, 20 oC)

240

Figure 154 G linker 1HNMR (400 MHz, CDCl3, 20 oC)

Figure 155 G Linker 13CNMR (101 MHz, CDCl3, 45 oC)
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APPENDIX B: CHAPTER 4

242

Section S1. MOF Synthetic Conditions
Table 8. Reaction conditions for Zr6O4(OH)4[AnxXy1-x]6.

x

0

0.56

1.68

-

9.85

22.1

-

0.57

1.46

0.226

10.3

23.0

-

0.59

1.50

0.235

10.8

24.3

-

0.62

1.56

0.249

16.3

36.5

-

0.935

2.26

0.373

18.6

41.7

-

1.07

2.50

0.426

16.3

36.5

-

0.935

2.79

-

15.6

35.0

-

0.897

2.68

-

16.3

14.6

139.3

0.374

3.35

-

15.2

10.2

151.7

0.262

3.22

-

mg
(mmol)

1.1 eq
mg

-

15
(0.038)

0.18*

15
(0.038)

10

15
(0.038)

(0.004)

20

5.91*

(0.05)

(0.013)

20

10.1*

(0.05)

(0.022)

40

15
(0.038)

11.8

50

12
(0.030)

(0.030)

10

17.7

(0.025)

(0.038)

7

19.3

(0.018)

(0.041)

70

-

mg
(mmol)

5

60

21.8

ZrCl4

15
(0.038)

30

(0.017 M)

An

1

20

mg

72.6
mM
HCl in
DMF

Xy

(0.0004)
0.93*
(0.002)
1.97*

(0.025)
14.2

Proline(
HCl)

Benzoic
Acid

mg

9.75

243

DMF
mL

o-DCB
mL

80

90

100

5**

23.7

(0.013)

(0.051)

2.5**

26.6

(0.006)

(0.057)

-

27
(0.058)

16.3

-

232

-

2.51

-

16.3

-

232

-

3.14

-

15.0

-

212

-

3.40

-

* An added to the reaction mixture via an 80.3 mM stock solution in DMF
** Xy added to the reaction mixture via a 10.7 mM stock solution in DMF
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Section S2: Powder X-ray Diffraction

Figure 156 Powder X-ray diffraction patterns of prepared MOFs (x mol% An)

245

Figure 157 Change in linker overlap from the Fd3̅m (Xy, top) to R3̅m (An, bottom) space group.

246

Section S3: Input/Output Composition
Procedure: 2.5 mg of MOF was placed in a 4 mL vial with 2 mL of 0.25 M Bu4NOH in
DMF and 0.5 mL of H2O. The suspension was sonicated for 20 min then mixed in a
vortex fixture until a homogeneous suspension was formed. The mixture was then
filtered through a 45 µm pipette filter (Aura Industries). The filtrate was then diluted
(x10,000) in DMF, the emission profile was collected from 470-600 nm with an
excitation wavelength of 453 nm. Peak emission was used to calculate solution based
concentration based on a calibration curve and back calculation and conversion to solid
state molality were completed based on the mass of MOF that was decomposed.
Average molality values were converted to mol% utilizing the crystallographic density of
each MOF and the max molar concentration in each phase pure MOF (i.e. for the 0
mol% An MOF the total number of links per cell is 48 with a unit cell volume of 63113
Å3, resulting in a max concentration [links]max = 1.263 M).

247

Figure 158 Calibration plot of An PEPEP fluorescence in DMF

248

Table 9. Input vs output concentration of An MOFs without o-DCB addition

MOF Trial

Anthracene
Input (% mol)

Anthracene
Output (mm)

1

1

0.293

2

1

0.368

3

1

0.280

4

5

1.01

5

5

1.02

6

5

0.986

7

10

2.25

8

10

2.04

9

10

1.71

10

20

2.77

11

20

3.28

12

20

3.54

13

30

4.00

14

30

5.20

15

30

4.10

249

Average Output

Standard
Deviation

0.314

0.048

1.00

0.015

2.00

0.27

3.19

0.39

4.43

0.66

Table 10. Input vs output concentration of An MOFs with the addition of o-DCB in low concentration
samples

MOF Trial

Anthracene
Input (% mol)

Anthracene
Output
(molality)

1

1

0.00760

2

1

0.00626

3

1

0.00609

4

5

0.0440

5

5

0.0428

6

5

0.0473

7

10

0.131

8

10

0.133

9

10

0.129

10

20

0.285

11

20

0.297

12

20

0.293

13

30

0.422

14

30

0.494

15

30

0.384

16

40

0.398

17

40

0.483

18

40

0.583

19

50

0.622
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Average Output
(molality)

Standard
Deviation
(molality)

0.00665

8.24*10-4

0.0447

2.3*10-3

0.131

0.002

0.292

0.006

0.433

0.056

0.488

0.093

0.571

0.046

20

50

0.556

21

50

0.534

22

60

1.19

23

60

0.917

24

60

0.969

25

70

1.11

26

70

1.08

27

70

1.34

28

80

1.84

29

80

1.75

30

80

1.86

31

90

1.79

32

90

1.79

33

90

1.18
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1.02

0.14

1.18

0.14

1.82

0.058

1.59

0.35

Table 11. Input vs output concentration of An MOFs with the addition of o-DCB in low concentration
samples (1-30%) and without in higher concentration (40-100%) given in mol%.

Anthracene
Input (mol%)

Average Output
(mol %)

Standard
Deviation
(mol%)

1

0.331

0.041

5

2.24

0.12

10

6.41

0.39

20

14.9

0.30

30

22.5

2.9

40

25.7

4.9

50

30.4

2.4

60

55.9

7.8

70

65.1

7.8

80

102.0

3.2

90

90.1

19.9
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Figure 159 Input vs. output in mol% for cubic An MOFs

Figure 160 Input vs. output in mol% for rhombohedral An MOFs
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Section S4: Photophysical Data

Figure 161 Fluorescence spectra, emphasizing differences between MOFs crystalized without o-DCB
(left) and with 10% v/v o-DCB (Right)

254

Figure 162 Excitation/emission profiles of S1 10 µM in DCE 298 K

Figure 163 Excitation/emission profiles of S1 25 µM in DCE 298 K

255

Figure 164 Excitation/emission profiles of S1 50 µM in DCE 298 K

Figure 165 Excitation/emission profiles of S1 85 µM in DCE 298 K

256

Figure 166 Excitation/emission profiles of S1 100 µM in DCE 298 K

Figure 167 Excitation/emission profiles of S1 300 µM in DCE 298 K

257

Figure 168 Normalized emission profiles of S1 in DCE 298 K, top normalized to peak at 480 nm, bottom
normalized to peak at 520 nm.

258

Figure 169 Excitation/emission profiles of S1 10 µM in DCE 77 K

Figure 170 Excitation/emission profiles of S1 25 µM in DCE 77 K

259

Figure 171 Excitation/emission profiles of S1 50 µM in DCE 77 K

Figure 172 Excitation/emission profiles of S1 85 µM in DCE 77 K

260

Figure 173 Excitation/emission profiles of S1 100 µM in DCE 77 K

Figure 174 Excitation/emission profiles of S1 300 µM in DCE 77 K

261

Figure 175 Normalized emission profiles of S1 in DCE 77 K

Figure 176 Emission Profiles of An in DMF 298 K

262

Figure 177 Excitation/emission profiles of 1 mol% An without the addition of DCB at 298 K indicating the
overlap in excitation and emission.

263

Section S5: Lifetime Measurements

Figure 178 Lifetime measurement of Blank (Grease and slide) at 298 K with 415 nm excitation

Figure 179 Lifetime measurement of 1 mol% An at 298 K with 415 nm excitation

264

Figure 180 Lifetime measurement of 5 mol% An at 298 K with 415 nm excitation

Figure 181 Lifetime measurement of 10 mol% An at 298 K with 415 nm excitation

265

Figure 182 Lifetime measurement of 20 mol% An at 298 K with 415 nm excitation

Figure 183 Lifetime measurement of 30 mol% An at 298 K with 415 nm excitation

266

Figure 184 Lifetime measurement of 40 mol% An at 298 K with 415 nm excitation

Figure 185 Lifetime measurement of 50 mol% An at 298 K with 415 nm excitation

267

Figure 186 Lifetime measurement of 60 mol% An at 298 K with 415 nm excitation

Figure 187 Lifetime measurement of 70 mol% An at 298 K with 415 nm excitation

268

Figure 188 Lifetime measurement of 80 mol% An at 298 K with 415 nm excitation

Figure 189 Lifetime measurement of 90 mol% An at 298 K with 415 nm excitation

269

Figure 190 Lifetime measurement of 100 mol% An at 298 K with 415 nm excitation

270

Section S6: SEM images

Figure 191 SEM of phase impure 60%-An MOF where cubic crystals are of the rhombohedral phase and
octahedral crystals are of the cubic phase.

Figure 192 SEM of phase impure 70%-An MOF where cubic crystals are of the rhombohedral phase and
octahedral crystals are of the cubic phase.

271

Figure 193 SEM of 1%-An MOF

Figure 194 SEM of 60%-An MOF

272

Figure 195 SEM of 70%-An MOF

Figure 196 SEM of 90%-An MOF

273

Figure 197 SEM of 100%-An MOF

274

Section S7: NMR data

Figure 198 1HNMR of S1 at 298 K

Figure 199 13CNMR of S1 at 298 K

275

Figure 200 1HNMR of An at 298 K

Figure 201 13CNMR of An at 298 K

276

Figure 202 1HNMR of S2 at 298 K

Figure 203 13CNMR of S2 at 298 K

277

Figure 204 1HNMR of Xy at 298 K

Figure 205 13CNMR of Xy at 298 K

278

APPENDIX C: CHAPTER 5

279

Section S1. Powder X-ray Diffraction

Figure 206 XRD of 1% An MOF in PS on a SiO2 substrate over the PXRD of the same MOF as a bulk
powder

280

Section S2. Photophysical Data

Figure 207 Comparison of blank sample (PE@SiO2) to 1%-B in PE@SiO2 (λex = 365 nm)

281

Section S3. Scanning Electron Microscopy

Figure 208 1%-B@FTO

Figure 209 1%-G@FTO

282

Figure 210 1%-R@FTO

Figure 211 1 mol% An@FTO

283

Figure 212 10 mol% An@FTO

Figure 213 30 mol% An@FTO

284

Figure 214 100 mol% An@FTO at different magnifications

285

Figure 215 1%-B in PE on a glass substrate

Figure 216 1 mol% An in PS on a glass substrate

286

Figure 217 Polystyrene on a glass substrate

287

Section S4. Film Thickness

Figure 218 Profilometric measurments of 1%-An@FTO

288

Table 12. Compiled Film Thickness by sample.

Sample

Thickness (μm)

Standard Deviation (μm)

1%-B@FTO

3.29

0.59

1%-G@FTO

4.77

0.38

1%-R@FTO

12.1

1.6

1%-An@FTO

10.9

1.0

10%-An@FTO

13.5

1.5

30%-An@FTO

8.1

1.9

100%-An@FTO

13.0

1.9
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